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Abstract 
Soybean (Glycine max (L.) Merrill) seed is commonly treated with chemical 
compounds to extend the cycle of the crop and protect the seed from early season 
pathogens. However, in organic and sustainable agriculture, chemical seed 
treatments are restricted and planting date therefore has to be delayed. Seed 
treatments based on essential plant oils emerge as an alternative because of their 
natural origin. Seed producers could benefit from these treatments because treated 
seed can be sold as grain instead of having to dispose the chemically treated seed. 
The objective of this study was to identify essential oils with antifungal and 
antibacterial properties to be used as seed treatment in soybean. To achieve this 
goal, essential oils were initially screened in vitro against common soybean 
pathogens. Efficacy of essential oils of anise, basil, bay, black pepper, caraway, 
cinnamon, clove, coriander, lavender, lemongrass, nutmeg, oregano, peppermint, 
rosemary, sage, savory, tea tree and thyme was tested against Pythium sp, 
Phomopsis sp. and Pseudomonas syringae pv. g/ycinea. Minimum concentration of 
selected essential oils capable of inhibiting pathogenic growth was determined. 
Results from in vitro experiments showed that cinnamon, clove, lemongrass and 
oregano essential oils controlled Pythium at concentrations as low as 200 pL L-1 of 
the oils. Cinnamon, clove, oregano and savory controlled Phomopsis at 
concentrations as low as 400 pL L-1 of the oils. Oregano and savory were able to 
control Pseudomonas at concentrations as low as 400 pL L-1. Additionally, essential 
oils were tested for potential phytotoxic effects over soybean germination, at the 
minimum inhibitory concentration and at double of the minimum inhibitory 
concentration. No deleterious effects of the oils on seed germination were observed. 
Finally, infected seeds were treated with essential oils and efficacy of the oils as 
seed protectants was examined. Germination tests results did not show an 
advantage of seeds treated with essential oils over non-treated seeds (P<0.05). 
Seed treatment could lead to a significantly higher plant stand when conditions are 
adverse for the seed. However, in our results, levels of seed infection were low and 
differences in germination were not observed (P<0.05). 
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Chapter 1. General Introduction 
Introduction 
Soybean (G/ycine max (L.) Merrill) is the world's most important crop for 
production of vegetable oil and protein feed. United States is the largest producer 
and exporter of soybean with a 39.5% share of the world production (FAOSTAT 
data, 2005). Soybeans are very important for Iowa's agriculture and economy. In 
2005 Iowa produced 533 millions bushels of soybean or 17% of the total U.S. 
production, being the first largest producer of soybeans in the nation (USDA, 2006). 
The crop contributed 2.9 billion dollars to the state's economy in 2005 (USDA, 
2005). Management practices of the crop are changing due to its rising importance. 
Producers increase their benefits by using shorter crop rotations and planting 
soybean earlier to achieve longer vegetative periods for higher yield potentials. 
These factors create an adverse environment for stand establishment and 
development of the crop because they increase the disease pressure of seed-borne 
and soil-borne pathogens. To avoid emergence problems, some producers use seed 
treatments. Seed treatment is especially recommended when seed has low vigor, or 
when the seed or field are already infected with diseases (Agarwal and Sinclair, 
1996). These treatments protect the seed and seedling during early stages of 
germination and emergence, and allow farmers to plant soybean earlier in the 
season, without increasing their risk. There are several advantages of seed 
treatment; since they are applied directly to the seed, the amount of chemical 
required is reduced. In addition, better protection is achieved by locating the product 
in close contact with the seed. 
There is concern among the scientific community and other members of the 
society that the indiscriminate use of synthetic pesticides could leave toxic residues 
in the environment. Thus, there is an increase in the demand for the use of natural 
pesticides, including seed treatments. Plant-produced essential oils are in a 
prominent position among the alternative products because they are known for their 
antimicrobial properties and are natural and edible, as well. 
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Essential oils are liquid extracts of botanical species containing the volatile 
components responsible for their characteristic odor or flavor. They are present in 
glandular cells of different parts of the plant (leaf, flower, stem, bark, root, seed, or 
peel) and they are usually obtained through a distillation process. Aromatic plants 
and their essential oils nave been widely used throughout history to conserve foods 
and to improve their taste. They have also been utilized in perfumes and cosmetic 
production. Nowadays, different fields such as pharmacology, chemistry or food 
industry (as flavor or food protector) are taking advantage of plant essential oils 
(Zaika, 1988; Regnault-Roger, 1997). 
The bactericidal and fungicidal properties of essential oils against pathogens 
have been widely documented. Their antimicrobial properties include controlling 
pathogens that affect r~umans, food, plants, and post-harvest stored agricultural 
products. Their effectiveness has been tested in vitro and in vivo. 
Vardar-lJnlu et al. (2003) screened the effect of Thymus pectinatus var. 
pectinatus Fisch. & Mey. essential oil in vitro against 14 documented food and 
human pathogens. They observed that thyme essential oil had a strong antimicrobial 
activity against Streptococcus pneumoniae, Escherichia coli and Pseudomonas 
aeruginosa, among others. However, they detected no antimicrobial effect when the 
different components of the oil were tested separately. Essential oils of other 
species, such as Salvia or Achillea have also shown antimicrobial properties against 
the same pathogens (Unlu et al., 2002; Tepe et al., 2004; Tepe et al., 2005). 
Essential oils have been used as food additives to control pathogens. Various 
essential oils were added to carrot broth to test their antimicrobial properties against 
Bacillus cereus (Valero and Salmeron, 2003). Authors reported some reduction or 
total inhibition of bacterial growth. A sensory analysis was also carried out to test if 
adding 50 ~L L-1 of cinnamon essential oil affected broth flavor. They found no 
differences in flavor between treated and non treated broth. 
Isman (2000) suggested that essential oils could be used for insects, nematodes 
and disease management. Perez et al. (2003) found a reduction in hatch, survival 
and reproductive rate of root-knot nematodes (Meloidogyne artiellia Franklin) when 
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applying Chrysanthemum coronarium L. essential oils in vitro. When a rate of 40 ~aL 
of essential oil per 500 cm3 was applied to pots were chickpea plants were growing, 
a reduction of nematode reproduction rate occurred in growth chamber conditions. 
Several phytopathogenic fungi were successfully controlled in vitro using 
essential oils of thyme, mint and lavender (Zambonelli et al., 1996). Hyphal growth of 
several agricultural pathogens was also reduced when exposed to essential oil from 
chrysanthemum in vitro (Alvarez-Castellanos et al., 2001). Other researchers have 
reported pathogen control in vivo; for example Washington et al. (1999) observed 
reduction of fruit rot incidence in strawberry field when tea tree essential oil was 
sprayed. 
Essential oils have been used as an alternative to fungicides in post-harvest 
treatment of fruits and seeds. Thymus vulgaris oil was used in strawberry production 
as post-harvest treatment against Botrytis cinerea and Rhizopus stolonifer. Volatile 
compounds of the oil controlled 75% of fruit decay (Bhaskara-Reddy et al., 1998). In 
citric fruits, essential oils were as effective as traditional fungicides in controlling 
pathogens (Arras and Usai, 2001). Thyme oil was also shown to effectively control 
storage fungi in cowpea. Thyme was, in fact, the best at controlling storage fungi 
without harmful effects on germination and emergence of cowpea seeds, among 
several essential oils tested (Kritzinger et al., 2002). 
Several experiments have evaluated the ability of the essential oils to control the 
production of mycotoxin (e.g. aflatoxin) by plant pathogenic fungi in cereals during 
storage. Tantaoui-Elaraki and Beraoud (1994) reported reduction of mycelia) growth 
and aflatoxin production of Aspergillus parasiticus with 0.1 %concentration of several 
essential oils in vitro. Soliman and Badeaa (2002) showed that application of 500 ~L 
L-' of thyme and cinnamon essential oil to in vitro colonies of Aspergillus flavus, 
Aspe;gillus parasiticus, Aspergillus ochraceus and Fusarium moniliforme completely 
inhibited pathogenic growth and produced a reduction in mycotoxin production in 
wheat grains. Chatterjee (1990) and Velluti et al. (2003) reported both, in vitro and in 
corn grains reduction of fungal growth and mycotoxin production when essential oils 
from different species were applied. 
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Groot et al. (2004) suggested that lack of organic seed availability in the market 
derives from the difficulty in protecting the seed production crop against seed-borne, 
sail-borne, air-borne pathogens and insects with non-chemical products. The 
authors proposed the use of natural products such as essential oils or organic acids 
to treat the parental seed. They observed an important reduction in seed-associated 
bacteria and saprophytic fungi by treating cabbage seed with thyme essential oil. But 
when the oil was applied at high concentrations they observed phytotoxicity 
symptoms and poor seed germination. Chickpea seeds treated with neem essential 
oil and planted in soil infected with several soil-borne pathogens (Fusarium 
oxysporum f. sp. ciceri, Rhizoctonia solani, Sc%rotium rolfsii and Sclerotinia 
sclerotiorum) produced disease free seedlings while non-treated seeds exhibited 
disease symptoms (Singh et al., 1980). EI-Sherbieny et al. (2002) found that thyme 
essential oil reduced the effect of seedling damping-off pathogens in cotton seed 
both, in vitro and in vivo. However, the activity of the oil as seed treatment was lower 
than that of rizolex-50 under greenhouse conditions, the leading fungicide against 
cotton damping-off fungi. Pandey and Dubey (1994) found that tomato seeds treated 
with different essential oils showed an important reduction in damping-off damage 
caused by Pythium aphanidermatum and Pythium debaryanum compared with non-
treated seeds. Kishore and Dwivedi (1992) tested the volatile fungitoxic properties of 
Nepeta hindostana essential oil against the same damping-off pathogens in vitro. 
They found that the minimum inhibitory concentration of the essential oil was lower 
than that of agrosan (phenylmercury acetate) and captan (N-trichloromethylthio-4-
cyclohexene-1,2-dicarboximide), the commonly used synthetic fungicides. 
Seed treatment with essential oils could be an important alternative to chemical 
pesticides in organic and sustainable production. Farmers commonly treat the seed 
with chemical com~,ounds to extend the vegetative cycle and increase the potential 
for higher yields by controlling early season pathogens. However, in organic and 
sustainable agriculture, chemical treatments are not allowed and the planting date 
must be delayed. In these cases, essential oils could be used as natural treatments 
in replacement of chemical products. Seed producers could benefit from this 
5 
treatment as well. Soybean seed is generally sold with antifungal or antibacterial 
treatment. If not planted, chemically treated seed cannot be sold as grain or stored 
for next year and has to be disposed. Seed disposal is expensive because it has to 
be burnt, buried or planted to feed animal wild life (International Seed Trade 
Federation, 2000). Finding an effective essential oil treatment with no residual flavor 
will be an important advantage, since they are already accepted as food additives 
(Code of Federal Regulations; 21 CFR182.20. 2005). Also essential oil treatment will 
be beneficial for agriculture in general as they are safer products for the environment 
and less hazardous for the producers to handle. 
The goal of this study was to identify essential oils with antifungal and 
antibacterial properties in soybean that could be used as seed treatment against 
seed- and soil-borne pathogens. 
Thesis Organization 
This dissertation includes two manuscripts that were written according to current 
requirements for scientific journals publication. Chapter 2 includes an initial 
screening for essential oils with antimicrobial properties. Promising essential oils 
were selected based on their capacity to inhibit in vitro growth of three soybean seed 
pathogens, namely Pythium sp., Phomopsis sp. and Pseudomonas syringae pv. 
glycinea (Coerper) Young. In addition, their minimum inhibitory concentration was 
determined. Chapter 3 addresses the antimicrobial efficacy of essential oils seed 
treatment applied on seed infected with one of the three mentioned soybean 
pathogens on germination tests. Possible phytotoxi~ effects of essential oils on 
soybean seed germination were observed. References are cited separately for the 
general introduction, and each of the manuscripts. Following the manuscripts a 
general conclusion is presented. 
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Chapter 2. Screening of Essential Oils in vitro 
Introduction 
Soybean (Glycine max (L.) Merrill) is one of the main crops in Iowa (Iowa 
Department of Agriculture and Land Stewardship, 2005). Its economical importance 
has prompted changes in the management practices of the crop. Lately, farmers 
have adopted shorter crop rotations and earlier planting to achieve longer cycles and 
obtain higher yield potentials. These factors create an adverse environment for 
stand establishment and crop development, increasing disease pressure. To avoid 
emergence problems, farmers use seed treatments that allow them to plant earlier 
by protecting the seed and seedling during the initial stages of germination and 
emergence (Agarwal and Sinclair, 1996). Seed treatments have several advantages. 
Since the product is applied directly to the seed, the amount of chemical required is 
reduced. In addition, seed treatment provides better protection because the product 
is located in close contact with the seed. 
Seed-borne and soil-borne pathogens affect germination and seedling 
establishment in the cool and wet conditions occurring at planting early in the 
season (Sinclair and Backman, 1989). Phomopsis sp. is a seed-borne pathogen that 
causes pre- and post-emergence damping-off and blighting of the seedling (McGee, 
1992). Together with Diaporthe, they are the major seed-borne fungal problem in 
soybean (Sinclair and Backman, 1989). Pseudomonas syringae pv. glycinea 
(Coerper) Young, aseed-borne bacterium that causes bacterial blight in soypean, is 
the most common bacterial disease in this crop. The disease is favored by wet and 
cool weather (Sinclair and Backman, 1989). Symptoms of Pseudomonas seed 
infection are water-soaked lesions in the cotyledons of the seedling. Pythium sp. is a 
widely spread soil-borne fungus in the U.S. soybean fields. It causes root rot and 
damping-off at seedling stage which leads to a reduction of plant stand (Sinclair and 
Backman, 1989). Surveys showed that 30% of the reduction in plant stand in Iowa is 
caused by this pathogen (Rizvi and Yang, 1996). 
11 
Plant-produced essential oils could be used as an alternative to synthetic 
pesticides to protect seeds against agronomic pathogens. These aromatic oils a 
possible substitute since they are known for their antimicrobial properties and are 
natural and edible, as well. Aromatic plants and their essential oils have been widely 
used throughout history to conserve foods and to improve their taste. They also 
have been utilized in perfumes and cosmetic production (Zaika, 1988). Nowadays, 
different fields such as pharmacology, chemistry or food industry (as flavor or food 
protector) are taking advantage of plant essential oils (Zaika, 1988; Regnault-Roger, 
1997). These oils are volatile compounds obtained from aromatic plants through a 
distillation process. 
Essential oils are cited in the literature for their effective control of agricultural 
pathogens. Kishore and Dwivedi (1992) tested the volatile fungitoxic properties of 
Nepeta hindostana essential oil in vitro against the damping-off pathogens, Pythium 
aphanidermatum and Pythium debaryanum. They found that the minimum inhibitory 
concentration of the essential oil was lower than agrosan (phenylmercury acetate) 
and captan (N-trichloromethylthio-4-cyclohexene-1,2-dicarboximide), two commonly 
used synthetic fungicides. Rhizoctonia solani, Pythium ultimum, Fusarium solani and 
Colletotrichum lindemuthianum were successfully controlled in vitro by adding 
essential oils of thyme, mint or lavender to the nutrient media where the pathogens 
were grown (Zambonelli et al., 1996). Volatile compounds from chrysanthemum 
essential oil, as well as direct contact with the oil, reduced hyphal growth of several 
phytopathogens in vitro (Alvarez-Castellanos et al., 2001). 
The objective of this study was to evaluate essential oils for their antimicrobial 
properties against the soybean seed pathogens Pythium sp., Phomopsis sp. and 
Pseudomonas syringae pv. g/ycinea and to determine their minimum inhibitory 
concentration against those pathogens. 
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Materials and Methods 
Pathogens 
Three pathogens were selected as model pathogens because of their 
economical importance to soybean seed and grain production in Iowa. Two 
pathogens are seed-borne, a fungus (Phomopsis sp.) and a gram-negative 
bacterium (Pseudomonas syringae pv. glycinea). The third pathogen is a soil-borne 
fungus (Pythium sp.). 
Pathogenicity 
Pathogens were obtained from the Iowa State University Seed Health Testing 
Laboratory (Ames, IA). The bacterium Pseudomonas syringae pv. glycinea was 
characterized using Polymerase Chain Reaction (PCR). Pathogenicity of the fungal 
isolates was confirmed in soybean seedlings using different testing protocols (Lisa 
Shepherd, personal communication). Soybean plants were grown to V3 stage (Fehr 
et al., 1971) and inoculated with the different pathogens. Pythium pathogenicity was 
tested by opening a longitudinal cut on the stem of 6 plants and inserting a piece of 
nutrient media with mycelium of the fungus. The stem was then covered with 
parafilm. A control plant was also cut following the same procedure but the fungus 
was not inserted on the wound. Pathogenicity of Phomopsis was tested by 
spreading a suspension of spores of the pathogen on both sides of the two top 
leaves with a cotton swab. The spore suspension was obtained by adding deionized 
water into a 7-day-old agar culture of Phomopsis. Test was replicated on six plants. 
A control plant was treated with deionized water instead of the dilution. Plants were 
covered with plastic bags for 2 d after infection to maintain the saturated level of 
humidity required for the pathogens to grow. A suspension of bacteria was obtained 
by swabbing Pseudomonas colonies from a culture plate and suspending the 
bacteria in phosphate buffered saline (PBS). PBS contains 1000 mL water, 8.00 g 
sodium chloride [NaCI], 1.15 g sodium phosphate, dibasic (anhydrous) [Na2HPO4], 
0.20 g potassium phosphate monobasic [KH2PO4], 0.20 g potassium chloride [KCI]. 
An abrasive compound, carborundum, was added to the bacterial suspension to 
wound the leaves and allow the pathogen entrance to the plant. Tween 20 (Fisher 
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Scientific, Pittsburgh, PA) was also added to the suspension to break surface 
tension and increase adherence to the leaf surface. The suspension was gently 
rubbed on the two top leaves. The same procedure was used in the control plant but 
the suspension did not include the bacterium. Plants were cover with a plastic bag to 
maintain humidity. All plants were grown in an incubator chamber (Conviron, 
Winnipeg, Canada) at 25°C, 50% relative humidity and a light cycle of 12 h light and 
12 h dark. After one week, plants were evaluated for symptoms of the diseases. 
Fungi 
For all experiments, the media used for culturing the two fungi, Phomopsis sp. 
and Pythium sp., was Potato Dextrose Agar (PDA) (Difco, Sparks, MD). Media was 
sterilized in the autoclave (Primus, Sterilizer Co. Inc., Omaha, NE) using the liquid 
sterilization setting (sterilizing time of 15 min at 121°C, and cooling time of 20 min). 
A 20 mL aliquot of media was poured in each Petri dish (100 x 15 mm, Fisherbrand, 
Pittsburgh, PA). Media was handled under a sterile laminar flow hood (Biogard, The 
Baker Co. Inc., Sainford, MA). Fungal cores of 4.5 mm in diameter from a 7-day-old 
culture were placed in the center of the plate. The diameter of the core, 4.5 mm, was 
considered as the base line of no fungal growth for all experiments. Petri dishes 
were incubated inside constant 25°C germination chambers at the Iowa State 
University Seed Testing Laboratory (Ames, IA). An electronic caliper (Fisher 
Scientific, Pittsburgh, PA) was used to record fungal growth. The average of two 
perpendicular measurements of the diameter of the fungal colony were recorded 
every 24 h for 7 d. These measurements were done to obtain accurate readings of 
non-circular shaped colonies of the fungus. Growth rate (mm h -1) based on diameter 
data of the mycelium over time was also calculated. Cores of 4.5 mm diameter were 
cut from 7-day-old Petri dishes of the fungus to be used as a source of the pathogen 
in the experiments. Cores were obtained in a circle equidistant from the center of 
each plate. This procedure assured that fungus in all cores was approximately of 
same age. Fungi cores were placed into vials containing sterile deionized water and 
stored at -80°C (Phomopsis) or at 15°C (Pythium). 
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Bacterium 
Nutrient Agar (NA) (Difco, Sparks, MD) media was used for culturing 
Pseudomonas syringae pv. glycinea bacterium. The sterilization procedure, pouring 
of the media into the Petri dishes and incubation were done following the same 
procedures explained for culturing the fungi. Bacterial liquid inoculum was obtained 
by rubbing a cotton swab over a plate with growing colonies and then suspending 
the spores in PBS. This suspension was diluted 1000 times by serial dilutions and 
that 10-3 dilution was used for inoculation of the plates. The concentration of bacteria 
in the dilution was approximately 104 CFU (colony forming units); this was 
determined by comparing turbidity with a McFarland standard. Plates were 
inoculated by adding 0.1 mL of the liquid inoculum on the surface of the solidified 
media and spreading it with a glass rod. Bacterial growth was measured by counting 
the colonies in each plate after 3 d of incubation. The liquid suspension of the 
bacterium was stored at -80°C for later use as inoculum. 
Essential oils 
Eighteen essential oils were used for the experiments. Oils were selected based 
on reports in the literature of their antimicrobial properties. These oils were anise 
(Pimpinella anisum L.), basil holy (Ocimum basilicum L.), bay laurel (Laurus nobilis 
L.), black pepper (Piper nigrum L.), caraway (Carum carvi L.), cinnamon bark 
(Cinnamomum zeylanicum Blume), clove bud (Eugenia caryophyllata Thunb.), 
coriander (Coriandrum sativum L.), lavender (Lavandula officinalis var. vera L.), 
lemongrass (Cymbopogon citrates D.C.), nutmeg (Myristica fragrans Houtt), oregano 
(Origanum compactum Bentham), peppermint (Mentha piperita L.), rosemary 
(R~smarinus officinalis L.), sage (Salvia officinalis L.), savory (Satureja montana L.), 
tea tree (Melaleuca alternifolia [Maiden.&Betche] Cheel.) and thyme (Thymus 
vulgaris L.). All essential oils were obtained from Amrita Aromatherapy (Fairfield, IA) 
except for tea tree that was obtained from Herbal Harvest (Bohemia, NY). Essential 
oils are considered generally as sterile and were not autoclaved since they could 
lose antimicrobial active components (Zaika, 1988). 
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Essential oils were analyzed by gas chromatography and mass spectrometry 
(GC-MS). A "Micromass GCT" gas chromatograph mass spectrometer from Water 
Corporation, Beverly, MA was used to identify the main components and their 
relative proportion in the oil. The instrument includes an Agilent 7683 series 
autosampler, an Agilent 6890 gas chromatograph and a Micromass time of flight 
mass spectrometer. Instrument control, data acquisition and data processing use a 
Compaq Deskpro PC workstation (Hewlett-Packard Co., Palo Alto, CA) run by a 
Microsoft Windows XP (Microsoft Corporation, Redmond, WA) operating system. 
The capillary column used for the analyses was a VF-5MS manufactured by Varian, 
Inc. (Palo Alto, Ca; (30 m, 0.25 mm i.d. , 0.25 pm film thickness, 5% phenyl/95% 
methyl silicone polymer). The carrier gas was helium with a flow of 1 mL min -1 . the 
injector temperature was set at 220°C. The column temperature was initially 50°C, 
then gradually increased to 220°C at a rate of 3°C min -1 and finally reached 280°C at 
10°C min-' . An electron ionization system set to an ionization energy of 70 eV was 
used for the GC-MS detection. Stock solutions were prepared by mixing 4 mL of 
acetone with 5.75 mg of essential oils. An aliquot of 550 pL of this dilution was mixed 
with 1 mL of acetone and 10 pL of tridecane as internal standard. A volume of 2 pL 
of these samples was automatically injected with a split ratio of 1:50. Identification of 
individual compounds was made using two parameters, Kovats indexes and mass 
spectra. Kovats indexes were calculated and compared with published data (Adams, 
2004; Daferera et al., 2003; Mimica-Dukic et al., 2003; Vardar-lJnlu et al., 2003). 
Mass spectra of each compound was compared to data in Adams (2004) and in two 
libraries: National Institute of Standards and Technology (NIST 2002) and Wiley 
Registry of Mass Spectral Data, 7th Edition, from John Wiley &Sons, Inc. The 
quantification of the compounds in the essential oils, in percentage by weight, was 
done by comparing the areas under the peaks in the spectrum of the unknown 
compounds with areas of the internal standard representing known amounts. 
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Selection of essential oils 
Miscibility of the essential oils with the nutrient agar media 
These preliminary experiments were conducted using oregano and tea tree 
essential oils (Daferera et al., 2003; Oliva et al., 2003; Velluti et al., 2003). Three 
alternative protocols were tested; the diffusion disc protocol, mixture of media with 
essential oil and Tween 20 as surfactant and mixture of media and essential oils 
(Fig. 1). In the diffusion disc protocol, a volume of 0.1 mL of liquid inoculum of the 
pathogens was placed on top of the solid nutrient agar media in Petri dishes and 
spread with a glass rod. After the inoculum had dried inside the hood for 
approximately 30 min, a 10 mm Whatman (Maidstone, England) filter paper disc was 
placed in the center of the dish and 20 pL of essential oil were added. In the second 
alternative, Tween 20 was added to the nutrient agar media as a surfactant and 
emulsifier to facilitate the thorough mixing of the oils in water. Nutrient media was 
prepared with a 0.5% concentration of Tween 20 and 2500 pL L-1 of essential oil. For 
the third alternative, nutrient agar plates with only addition of essential oils were 
prepared. Plates with nutrient agar media and Tween 20 and plates with only 
nutrient agar media were inoculated with the pathogen and included as additional 
controls. Petri dishes were incubated at 25°C with a cycle of 4 h light, 4 h dark. 
Three plates were prepared for each treatment and the experiment was replicated 
three times overtime. In the diffusion disc protocol, diameter of pathogenic inhibition 
around the disc was recorded; in the other methods, diameter of the mycelium or 
number of colonies of the pathogens was recorded. 
Screening of essential oils 
Nutrient agar was autoclaved and mixed with the different essential oils, when it 
was still liquid but not too warm (about 50°C) to damage the oils, to obtain a 
concentration of 1000 pL L-1. The oils were mixed into the media by using sterile 
magnetic stirrers. Media was plated in Petri dishes and the pathogens were 
inoculated as explained in `Pathogens' section of `Materials and Methods'. Pathogen 
growth was compared to pathogen inoculated control plates. The procedure was 
carried out under sterile conditions using a sterile laminar flow hood. Non-inoculated 
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plates with and without addition of essential oils were prepared to observe for 
possible contamination of the oils or external contamination in the procedure. All 
plates were sealed with parafilm (Parafilm, Menasha, WI) to prevent the volatile 
compounds from interacting with other plates or from escaping. 
Petri dishes were incubated for 7 d at 25°C with an alternate cycle of 4 h light 
and 4 h darkness. Three plates were prepared for each treatment and the 
experiment was replicated three times. 
Minimum inhibitory concentration 
Oils selected in the previous screening experiment were tested to determine the 
minimum concentration of the essential oil able to suppress pathogenic growth or 
minimum inhibitory concentration (MIC). The growth media was prepared following 
the protocol used in the previous experiment. Petri dishes with five different 
concentrations of each of the essential oils tested were prepared, 50, 100, 200, 400 
and 800 ~L L-'. Plates with only nutrient agar media were included for each 
pathogen as control. Three Petri dishes per treatment/pathogen combination were 
prepared and three replications of the experiment were done overtime. Pathogen 
diameter (mm) was recorded for each essential oils and concentration. 
Statistical analysis 
The experimental design was a randomized complete block, with three 
replications over time considered as blocks. A single factor was included for the 
miscibility and screening of essential oils experiments; alternative mixtures of the 
media and different essential oils treatments, respectively. Instead, a two factorial 
design was used for the minimum inhibitory concentration experiment, with essential 
oils and concentrations as factors. The results were analyzed using the General 
Linear Model procedure in JMP (SAS Institute Inc., Cary, NC). 
Results and Discussion 
Selection of essential oils 
Essential oils have been widely used as food additives for their antimicrobial 
properties. In this chapter 18 essential oils were screened for their capacity to inhibit 
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pathogenic growth of three common soybean seed-borne pathogens: Pythium, 
Phomopsis and Pseudomonas. The isolates used in these experiments were 
obtained from the Iowa State Seed Lab and tested for pathogenicity by inoculating 
soybean seedlings. Symptoms of the diseases were observed in the seedlings one 
week after inoculation (data not shown), proving the pathogenicity of the isolates. 
Miscibility of the essential oils with the nutrient agar media 
Three protocols were evaluated before selecting the best method to screen the 
essential oils. The procedures were the diffusion disc protocol and two nutrient agar 
media procedures, either with or without a surfactant or coadjuvant (Tween 20) 
added to the mix (Fig. 1). Results indicated that the diffusion disc protocol was 
inadequate. One concern associated with this protocol was the possible differential 
diffusion of the essential oils from the paper disc through the nutrient media. A 
second concern was the complexity of inoculating all the pathogens in liquid form 
due to the difficulty of obtaining fungal spores. These concerns seemed to question 
the validity of this protocol for evaluating the effectiveness of the oils against 
pathogenic growth. 
The absence of a surfactant or coadjuvant in the essential oils/nutrient agar 
mixture did not produce a phase separation between the liquids, suggesting 
vortexing or shaking as an adequate method to mix essential oils with the media as 
Friedman et al. (2002) reported. There were no differences (P<0.05) in pathogen 
growth between Petri dishes with essential oils plus surfactant and those with the 
essential oils alone. Both treatments were able to inhibit Pythium, Phomopsis and 
Pseudomonas development completely (Fig. 2). These results indicated that the 
essential oils were uniformly distributed on the plates, even in those without the 
presence of surfactant. Moreover, the comparison between the control plates with 
nutrient agar media and the plates with nutrient agar media with Tween 20 showed 
that the use of the surfactant reduced pathogen growth (P<0.05, Fig. 2). Mycelium 
growth of Pythium completely filled the control plates in 48 h, while it required 96 h 
for Pythium to fill the plates with surfactant. In the case of Phomopsis, the time 
required for the mycelium to fill the plate increased from 120 h (control) to about 192 
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h (with surfactant). These differences were visually evident (Fig. 3). The addition of a 
surfactant also significantly reduced the average final number of Pseudomonas 
colonies from 352 in the control to 133 in the plates with media and surfactant 
(P<0.05). Clearly Tween 20 showed antimicrobial properties against the three 
pathogens. Based on these findings, Tween 20 was not added to the media, as it 
could confound the results of the study. These results were in accordance to 
Hammer et al. (1999) who showed that the presence of Tween 20, among other 
surfactants, interfered with the antimicrobial properties of tea tree essential oil. Thus, 
in vitro culture of the pathogens was conducted on nutrient agar media. 
Screening of essential oils 
The essential oils were mixed with the nutrient agar media at a concentration of 
1000 µL L-1 . Fungal mycelium growth was monitored twice a day during a week 
using an electronic caliper (Fig. 4). Two perpendicular measures were taken to 
account for possible uneven mycelium growth. In the case of the bacteria, the 
number of colonies per plate was counted and recorded. 
At the given concentration, most essential oils either inhibited or reduced 
mycelium growth of at least one of the pathogens. In the case of Pythium, half of the 
oils completely inhibited pathogen growth one week after inoculation (Fig. 5). The 
other half of the essential oils tested showed a range of responses. Pythium growth 
was almost completely inhibited when rosemary, sage and tea tree oils were added 
to the nutrient agar media. Essential oils of anise, basil, bay, lavender and nutmeg 
notably delayed mycelium growth. For example, fungal mycelium completely 
covered the surface of the control plate in approximately 48 h. Meanwhile, the 
diameter of the fungus in plates containing essential oils of anise, basil and bay was 
only 10, 28 and 31 mm, respectively (Fig. 6). These observations were consistent 
among all replications of the test. Differences in mycelium diameter were observed 
at the 0.05 level of probability (Table 1). While the mycelium diameter at a given time 
provided a good base of comparison among essential oils efficacy, it did not provide 
information about the speed of growth of the fungus. For that reason, pathogen 
growth rate was calculated as the increase in mycelium diameter per hour (mm h-1). 
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Except for black pepper, all the other essential oils significantly decreased Pythium 
growth rate (P<0.05, Table 1). Lemongrass oil completely inhibited fungal mycelium 
growth in vitro. Similar results were reported by Mishra and Dubey (1994). They 
evaluated growth of two species of Pythium: Pythium aphanidermatum and Pythium 
debaryanum, among other pathogens. Pythium growth was inhibited when 
lemongrass oil was added to the media at 500 ~L L-1 concentration. These results 
indicate that essential oils are effective at controlling Pythium growth in vitro. 
Only six oils were able to completely inhibit Phomopsis growth one week after 
inoculation; caraway, cinnamon, clove, lemongrass, oregano and savory (Fig. 7). 
Coriander, nutmeg, peppermint and thyme partially inhibited Phomopsis growth, 
while the remaining oils significantly delayed its expansion (P<0.05). For example, 
mycelium growth of this pathogen covered the whole surface of control plates in 
approximately 144 h. In the same period of time plates containing coriander, anise 
and bay treatments exhibited a mycelium diameter of about 21, 45 and 52 mm 
respectively (Fig. 8). All essential oils tested significantly reduced Phomopsis growth 
rate (P<0.05, Table 2). These observations were consistent among replications and 
differences were detected. Sokovic et al. (2002) also found that essential oils from 
other species of oregano and savory (Origanum onites and Satureia thymbra) 
showed antimicrobial effects against Phomopsis. Rates as low as 100 pL L-1
effectively controlled Phomopsis helianthi. 
Essential oils of caraway, cinnamon, clove, savory, oregano and lemongrass 
prevented the growth of Pseudomonas colonies one week after inoculation (Fig. 9). 
Coriander, peppermint and thyme partially inhibited bacterial colony development. 
For instance, an average of 316 colonies were found in the control plate 4 d after the 
bacteria was inoculated, while only 3, 8 and 9 were found in plates containing 
coriander, peppermint and thyme oil, respectively. These differences were 
statistically different at 0.05 level of probability (Table 3). Gulluce et al. (2003) tested 
savory essential oil in vitro against Pseudomonas syringae pv. tomato. Similar to our 
findings, these authors reported a total inhibition of Pseudomonas syringae pv. 
glycinea. 
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Considering all three pathogens, some essential oils barely inhibited pathogen 
growth (e.g. black pepper) while others completely suppressed it (e.g. caraway, Fig. 
10). Caraway, cinnamon, clove, lemongrass, oregano and savory completely 
controlled all three pathogens used in the experiments. Daferera et al. (2003) did 
also find oregano to be an effective method to control phytopathogens (Botrytis 
cinerea, Fusarium sp. and Clavibacter michiganensis subsp. michiganensis) in vitro, 
as we report in our results. Similarly, in the same study, they did not observed an 
important inhibitory effect when lavender, rosemary and sage essential oils were 
tested. 
Only the essential oils that completely inhibited pathogen growth after 7 d were 
selected for the minimum inhibitory concentration experiment. Although, Pythium 
mycelium growth rate was faster than Phomopsis, more essential oils were able to 
inhibit Pythium than Phomopsis growth. 
The antimicrobial properties of the essential oils and the concentrations reported 
in our study are consistent with the information provided in other published studies. 
For example, essential oils of clove and thyme were able to control growth of the 
seed storage fungi Aspergillus flavus, Aspergillus niger, Fusarium oxysporum, 
Fusarium equiseti and Penicillium chrysogenum at 1000 pL L-1 in vitro (Kritzinger et 
al. 2002). The essential oils that completely inhibited the pathogen growth in this 
study were further tested to evaluate their range of efficacy. 
Minimum inhibitory concentration 
Essential oils from the previous study and selected based on their ability to 
completely inhibit pathogenic growth at 1000 pL L-1 in the screening experiment 
were tested in vitro to determine their minimum inhibitory concentration. Five 
concentrations were evaluated on the experiment, 50, 100, 200, 400 and 800 pL L-1 . 
The lowest concentration in which pathogenic growth was inhibited 7 d after 
inoculation was selected as minimum inhibitory concentration. 
In the case of Pythium, the rate of mycelium growth was significantly affected by 
both essential oils and concentrations, as well as their interaction (P<0.05, Fig. 11). 
Notice that as mycelium growth rate of the control varied between replications, the 
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data of the treatments was expressed relative to the control in order to normalize the 
variation between replications. All of the essential oils reduced the average 
mycelium growth rate compared to the control. Some oils completely controlled the 
pathogen while others only reduced its growth (Fig. 11 B). As expected, higher 
concentrations of the essential oils resulted in greater pathogen inhibition (Fig. 11 B) 
but the level of response was not necessarily identical for all oils (Fig. 11A). For 
example, Pythium exposed to 100 pL L-1 of caraway or cinnamon filled the whole 
plate after 7 d, but when exposed to 200 pL L-1, mycelium diameter was around 70 
mm in caraway while growth was totally inhibited by cinnamon oil (Fig. 12). Figure 
12 also shows that caraway completely suppressed pathogen growth at 400 pL L-1. 
Essential oils of clove, cinnamon, lemongrass, savory and oregano presented a 
significant advantage over the remaining oils controlling Pythium, inhibiting its 
growth at 400 pL L-1 (P<0.05, Table 4). Since an interaction between essential oils 
and concentrations was observed, mycelium growth response to concentration was 
defined for each essential oil individually. This approach allowed determining the 
minimum inhibitory concentration for each essential oil. Oregano was able to 
suppress Pythium growth at 200 pL L-1 ; caraway, cinnamon, clove, lemongrass and 
savory at 400 pL L-1 ; and coriander, and thyme at 800 pL L-1 (Table 4). Some of 
these differences are illustrated in Figure 13. 
Phomopsis mycelium growth rate was affected by essential oil and concentration 
(P<0.05). Interactions between essential oils and concentrations were also observed 
(P<0.05, Fig. 14). All essential oils included in this experiment showed an average 
mycelium growth rate significantly lower than the control, and differences among oils 
were evident (P<0.05, Fig. 14B). Similarly to Pythium, an increase in the 
concentration of the essential oils resulted in a stronger inhibiting effect over 
Phomopsis growth (Fig. 14B) but the magnitude of this response varied among oils 
(Fig. 14A). As an example, Phomopsis exposed to 100 pL L-1 of caraway showed a 
mycelium diameter of approximately 57 mm at 7 d after inoculation, very similar to 
the control. If exposed to the same concentration of oregano oil instead, the 
mycelium diameter was barely able to reach about 7 mm in the same period of time 
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(Fig. 15). Clove, savory and oregano presented a significant advantage inhibiting 
Phomopsis growth, followed by cinnamon and lemongrass (P<0.05, Table 5). 
Minimum inhibitory concentration varied among essential oils. Oregano suppressed 
Phomopsis growth at 200 pL L-' while the remaining oils required a concentration of 
800 pL L-'. However, lemongrass, clove and savory were almost completely 
controlled at 400 pL L-' as well (Table 5). Some of these differences are visually 
depicted in Figure 16. 
Essential oil concentration had an effect over the number of Pseudomonas 
colonies found 4 d after inoculation (P<0.05, Fig. 17). Once again, different oils 
achieved total inhibition of the pathogen at different concentrations. Minimum 
inhibitory concentration for cinnamon, oregano, savory, clove and lemongrass was 
below 600 pL L-'. In the case of cinnamon, for example, minimum inhibitory 
concentration was as low as 200 pL L-' (Fig. 17). It was not possible to determine 
the minimum inhibitory concentration for caraway, coriander and thyme because it 
exceeded the range of concentrations studied. However it should be between 800 
and 1000 pL L-', since these concentrations were the maximum limit of the MIC 
experiments and the concentration used in the screening experiment. Some of these 
differences are illustrated in Figure 18. 
In general, essential oils that required lower minimum inhibitory concentrations 
were consistent for all three pathogens. However minimum inhibitory concentration 
was not necessarily the same. Based on the results of the minimum inhibitory 
concentration experiment, five essential oils were selected for in vivo testing in the 
subsequent experiments. These oils were cinnamon, clove, lemongrass, oregano, 
and savory. Also based on these experiments, an average minimum inhibitory 
concentration of 400 pL L-' was selected for all oils and pathogens. Montes-Belmont 
and Carvajal (1998) reported that several essential oils prevented infection of 
Aspergillus flavus when applied to corn grain. Some of the essential oils used by 
these researchers were among the most effective oils in this study: cinnamon, 
oregano and clove. These results suggest that the selected essential oils may be 
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used as seed treatment in soybean to provide protection against Pythium, 
Phomopsis and Pseudomonas. 
Essential oil composition 
The composition of the essential oil may vary among varieties within a specie, 
environmental conditions and agronomic practices during plant growth, and 
extraction process. In order to compare the results of this study with other published 
experiments and also to determine if specific compounds were responsible for the 
antimicrobial effects, essential oil composition was analyzed. Results from the gas 
chromatography and mass spectrometry analysis showed that the essential oils 
used in these studies presented a very diverse composition between essential oils. 
Compounds present at highest proportions, accounting in total for at least 90% by 
weight of the total composition, of each essential oil were identified. A total of 69 
compounds were found as constituents of the oils (Table 6). Some compounds, such 
as (E)-caryophyllene, a-pinene or limonene, were very common among the oils. 
Chemical composition of the five selected essential oils was compared in order to 
determine if there were similarities among the oils. Analysis of their composition 
could lead to a few common compounds (Table 7). The main component of 
cinnamon essential oil was (E)-cynnamaldehyde; 88.5% of its weight. In the case of 
clove, eugenol represented close to 56% of its composition. The more abundant in 
lemongrass were trans- and cis-chrysanthenyl acetate which together amounted to 
80% of the essential oil composition by weight. Finally, carvacrol accounted for the 
highest percentage of oregano (37.4%) and gamma-terpinene (45.8% by weight) in 
savory. 
The only common compound that was found in all five selected essential oils was 
(E)-caryophyllene. However, no special features could be attributed to this 
compound since it was present in seven additional oils which lack remarkable 
antimicrobial properties. In some of these essential oils, the concentration of (E)-
caryophyllene was even higher than in the five selected essential oils. A common 
compound responsible for the antimicrobial properties could not be detected. It may 
be possible that a different compound confers antimicrobial properties to each 
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essential oil or that the synergism of several compounds present in smaller 
proportions account for this effect (Daferera et al. 2003). 
In our study, thyme did not show a strong antimicrobial activity, even though it 
has been reported as an essential oil with notable antimicrobial properties. One 
possible explanation is that the thyme essential oil used in this study came from a 
different variety. Thymol and carvacrol, components with strong antimicrobial 
activity, were predominant in the thyme essential oils used by Vardar-Unlu et al. 
(2003) and Arras and Usai (2001). The chemical composition of the thyme oil used 
in our study lacked significant amounts of these compounds. However, two essential 
oils selected in this study for their antimicrobial properties, oregano and savory, 
contained 37.38 and 22.83% carvacrol, respectively. I n the case of savory, carvacrol 
was also accompanied by high levels of gamma-terpinene. Gulluce et al. (2003) 
reported that a different specie of savory (Satureia hortensis) presented a similar 
composition but with a higher presence of thymol. The authors also reported that the 
essential oil from Satureia hortensis had important antimicrobial activity against 
several pathogens responsible for infectious human disease, plant diseases and 
pathogens affecting preservation of foods. 
Conclusions 
It has previously been shown that essential oils have antimicrobial properties and 
can be effectively used to control pathogens. In this study, essential oils of a broad 
range of aromatic plants were evaluated for their ability to inhibit Pythium sp., 
Phomopsis sp. and Pseudomonas syringae pv. g/ycinea growth in vitro. Cinnamon, 
clove, lemongrass, oregano and savory inhibit growth of the three pathogens at a 
concentration of 400 pL L-1 of the essential oils in the agar nutrient media. Other oils 
controlled one of the pathogens but not the other two. Finally, a few essential oils 
showed partial control by only delaying pathogenic growth. Although the minimum 
inhibitory concentration was slightly different among oils, a general threshold could 
be set at about 400 pL L-1 . 
It was not possible to identify the main compounds responsible for the 
antimicrobial properties observed. There was only one compound, (E)-
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caryophyllene, common to all the selected oils. Moreover, other essential oils 
contained (E)-caryophyllene but did not present important antimicrobial action. 
Several compounds found in the essential oils with antimicrobial activity were also 
present in the other essential oils. However, these essential oils did not have 
antimicrobial properties. It has been suggested (Daferera et al. 2003) that maybe the 
interaction between chemical compounds in the oils, rather than specific 
compounds, provide the essential oils their antimicrobial properties. Further research 
is necessary to assess the efficacy of the compounds in their pure form and in 
combination with others. 
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Table 1. Average Pythium mycelium diameter at 48, 96 and 144 h and mycelium 
growth rate during the first week after inoculation in Petri dishes containing nutrient 
agar with a concentration of 1000 pL L-1 of the different essential oils. 
essential oily
growth rate 
(mm h-')fi 
diameter 48 h diameter 96 h diameter 144 h 
(mm}~ (mm)fi (mm)fi
black pepper 
control 
nutmeg 
basil 
anise 
rosemary 
bay 
sage 
lavender 
tea tree 
1.34 a 
0.88 b 
0.53 c 
0.26 cd 
0.25 cd 
0.25 cd 
0.24 cd 
0.19 cd 
0.17 d 
0.07 d .,_... 
v; •.~4..:.}\i}\~;\;,i tiff ~ } ~ Z ~ ~ ~ Z~' \\.. ~ ~T.:.: 
? :~
:: ` 
8 ~}\\i}y Vii.\.`.'vi\•~\.. :\~\'•\\~„i~~.'•~~\ x•\ .,,~•~~ 
\.. 
69.44 a 
66.89 a 
24.06 b 
12.46 be 
6.28 c 
12.25 be 
13.10 be 
10.62 be 
7.09 c 
4.44 c ::. ~ :.,..: . .. ~ :.,.:., t:
84.86 a 
82.25 a 
56.00 ab 
29.37 be 
24.26 be 
27.16 be 
25.16 be 
24.93 be 
19.61 c 
11.29 c ,_.. 
\~~~Lt'-0'.i~~' 
84.86 a 
84.86 a 
74.35 ab 
31.25 c 
39.57 be 
34.21 c 
33.45 c 
36.28 be 
28.79 c 
13.62 c 
Different letters within a column indicate differences at 0.05 level of 
probability. Letters do not compare between columns. 
Essential oils selected for Pythium minimum inhibitory concentration 
experiment are highlighted on gray. 
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Table 2. Average Phomopsis mycelium diameter at 48, 96 and 144 h and mycelium 
growth rate during the first week after inoculation in Petri dishes containing nutrient 
agar with a concentration of 1000 pL L-1 of the different essential oils. 
essential oily
growth rate diameter 48 h diameter 96 h diameter 144 h 
(mm h-1)~ (mm)fi (mm)~ (mm)~ 
control 0.77 a 
rosemary 0.62 b 
sage 0.58 b 
tea tree 0.58 b 
black pepper 0.56 b 
lavender 0.50 be 
bas i I 0.49 be 
bay 0.42 cd 
anise 0.33 d 
nutmeg 0.20 e 
coriander 0.19 of 
peppermint 0.06 fg 
thyme 0.01 g 
34.72 a 
25.42 b 
22.93 be 
17.36 cd 
27.44 b 
14.19 de 
14.07 de 
8.24 of 
7.20 of 
7.65 of 
4.74 f 
4.44 f 
4.44 f 
75.96 a 84.86 a 
63.48 ab 75.60 ab 
60.93 b 79.28 ab 
54.28 be 73.26 ab 
58.80 bcd 76.77 ab 
45.10 de 74.79 ab 
46.50 cd 68.62 ab 
32.46 of 63.31 be 
25.77 fg 50.87 c 
17.72 g h 30.40 d 
11.95 h i 30.29 d 
5.06 h i 10.55 e 
4.51 i 4.90 e 
jDifferent letters within a column indicate differences at 0.05 level of 
probability. Letters do not compare between columns. 
Essential oils selected for Phomopsis minimum inhibitory concentration 
experiment are highlighted on gray. 
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Table 3. Number of Pseudomonas colonies present 4 d after inoculation in Petri 
dishes containing nutrient agar with a concentration of 1000 pL L-1 of the different 
essential oils. 
essential oily number of colonies 
control 
sage 
black pepper 
bay 
tea tree 
rosemary 
nutmeg 
lavender 
anise 
basil 
peppermint ~: :y~; 
.,...~ ~ 
z• ;<_ >,~ 
•i~4:. 'ti:L~:i:~:::: :i}iiiiiii::iiiii.L(~:i;i~T~, 
;)} 
315.9 a 
255.9 ab 
218.2 abc 
149.1 abc 
110.2 abcd 
105.4 abcd 
100.5 abcd 
55.6 bcd 
27.7 bcd 
24.5 cd 
8.2 d .~ 
\,,. i• 
R 
~ '1;.; ~ t. • . 
.~1 
Different letters indicate differences at 0.05 level of probability. 
Essential oils selected for Pseudomonas minimum inhibitory concentration 
experiment are highlighted on gray. 
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Table 4. Effectiveness of different concentrations of the essential oils at controlling 
Pythium mycelium growth rate, expressed as a percentage of the control. Oils 
selected for in vivo testing are highlighted in gray. 
Pythium myce I i u m growth ratefi (m m h-' ) 
concentration (~L L-') 
essential oily 50 100 200 400 800 
thyme A 110.3 a 
peppermint B 94.5 a 
coriander B 92.5 a 
caraway B 87.0 a __ . 
~~ ti ~ 
:.. 
4~4
ti iy};, ;;Y;} ~;{{.}i:t~}i}iii}}}.
91.3 ab 
61.3 b 
71.3 ab 
84.3 a 
~. .•.~ ~. ~i~ \\ v \ \\ . ~: .. .~M •}~ ~ \>r4 n \ 
'~ ' °,~k``b:c{::~u.`;4~~ ~~e~.'.4~~\~+~~ ti  ~\~~ ~ar.4}'}:c,~ Ry'.~<;: q~
r~.'i;..
•~~4 i3 \_
of control 
68.3 b 
43.8 b 
50.3 b 
47.0 b 
4' \~t•y\,Dj~.w 
20.3 c 
10.0 c 
24.0 c 
0.0 c 
~'i\\ti.'>OG}o:<iSft•\ ~:: \+~;'~ •i~~:\iii ' \Q4'{ }~.•:\i 
•.': i>~~ ......:::::::... ....}•: ::. X4...:44 ..}.:v. ' 
l Y:.C^: 
\• '4ti'i:v `~. \4}::.}.:\vii:}`i}: ~:4ii i}}}i}'v:}}} 
tii>?: i~ti+4 +}i)}}i}i}}}:vii: iii}}};i•i:>.xi.v.4 .. ~ v « •.:::.....: ....................................................... i1... ............................................... 
~: 
~i\~;k~~~~t ti
0.0 c 
1.3 c 
0.0 d 
0.0 c 
Means within a row followed by a different lower case letter are different at 
0.05 level of probability. Letters do not compare means between columns. 
Essential oils followed by a different capital letter are different at 0.05 level of 
probability. 
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Table 5. Effectiveness of different concentrations of the essential oils at controlling 
Phomopsis mycelium growth rate, expressed as a percentage of the control. Oils 
selected for in vivo testing are highlighted in gray. 
Phomopsis mycelium growth ratefi (mm h-') 
concentration (~L L-') 
essential oily 50 100 200 400 800 
caraway A 97.5 a 95.3 a 
of control 
79.5 a 38.8 b 0.0 c 
Means within a row followed by a different lower case letter are different at 
0.05 level of probability. Letters do not compare means between columns. 
+Essential oils followed by a different capital letter are different at 0.05 level of 
probability. 
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Table 7. Chemical composition of the selected essential oils: cinnamon, clove, 
lemongrass, oregano and savory; expressed in percentage by weight of each 
compound. Oil components were determined using gas chromatography and mass 
spectrometry. Retention indexes (RI) and retention times (RT) for each compound 
are shown. 
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Diffusion disc 
Fungi 
Bacteria 
Tween 0.5% + 
Essential oil 
treatment 
Essential oil 
treatment 
Figure 1. Preliminary screening of protocols: agar nutrient media with diffusion disc, 
agar nutrient media mixed with Tween 20 and the essential oils or agar nutrient 
media mixed with essential oils only. In the diffusion disc approach pathogens were 
applied as liquid inoculum over the nutrient media and essential oils were placed on 
the filter paper disc. In the other two protocols, Tween 20 and/or essential oils were 
diluted in the media. Fungi were applied as a core from a fungal growing colony and 
bacterium was applied as liquid inoculum. Section and top views of Petri dishes are 
shown for each approach. Pathogens are represented in blue, nutrient media in 
yellow and filter paper disc in white. 
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Figure 2. Mycelium growth (mm) over time or number of colonies in Petri dishes 
containing agar nutrient media mixed with oregano essential oil, oregano essential 
oil plus 0.5% Tween 20, 0.5% Tween 20 and control. Bars represent standard error 
of the mean of four replications. (A) Pythium mycelium growth. (B) Phomopsis 
mycelium growth. (C) Number of Pseudomonas colonies. 
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Control Tween 0.5% Oregano 2500 µL L' 
Figure 3. Effect of adding 0.5% of Tween 20 and 2500 ~L L-1 of oregano essential 
oil over Phomopsis mycelium growth in vitro. Pictures were taken 5 d after 
Phomopsis core was placed in the Petri dishes. 
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' rement of fun al m celium growth using an electronic caliper. Two ~egure 4. Measu g Y 
perpendicula r measures of the diameter were recorded every 24 h during 7 d. 
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Figure 5. Effectiveness of 18 essential oils in controlling Pythium mycelium growth. 
Essential oils were tested at 1000 pL L-1 concentration in the nutrient media. Data 
represents one replication of the experiment, but results from all three replications 
were consistent. Petri dishes dimension imposed a physical limit for mycelium 
growth at 84.86 m m . 
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Figure 6. Average Pythium mycelium diameter (mm) 2, 4 and 6 d after fungi core 
was placed in the Petri dishes containing 1000 ~L L-' of different essential oils. 
Treatments are represented in decreasing order of antimicrobial properties against 
Pythium. Initial diameter of the fungal core inoculated was 4.5 (e.g. caraway through 
thyme did not show mycelium growth). The horizontal line at the top of the graph 
represents the diameter in which the whole Petri dish was covered with mycelium, 
84.86. Bars represent standard error of the mean of four replications. 
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Figure 7. Control effectiveness of 18 essential oils on Phomopsis mycelium growth. 
Phomopsis mycelium diameter was documented over time. Essential oils were 
tested at 1000 ~L L-1 concentration in the nutrient media. Data represents one 
replication of the experiment, but results from all three replications were consistent. 
Petri dishes dimension imposed a physical limit for mycelium growth at 84.86 mm. 
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Figure 8. Average Phomopsis mycelium diameter (mm) 2, 4 and 6 d after fungi core 
was placed in the Petri dishes containing 1000 ~L L-1 of different essential oils. 
Treatments are represented in decreasing order of antimicrobial properties against 
Phomopsis. The horizontal line represents the diameter in which the whole Petri dish 
was covered with mycelium, 84.86. Bars represent standard error of the mean of 
four replications. 
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Figure 9. Average number of Pseudomonas colonies growing in nutrient media 
mixed with 1000 pL L-1 of 18 different essential oils, 7 d after Petri dishes were 
inoculated with the pathogen. Different letters represent differences between 
essential oils at 0.0~ level of probability. 
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Control Black Pepper Anise Caraway 
Phomopsis 
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Figure 10. Growth of Phomopsis, Pythium and Pseudomonas (from top to bottom) in 
Petri dishes containing 1000 ~aL L-' of black pepper, anise or caraway essential oils 
after 7 d. Essential oils in the nutrient agar media (from the second in the left to right) 
that had a low control (black pepper), intermediate control (anise) and good control 
(caraway) over growth of the three pathogens were selected as an example. 
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Figure 11. (A) Pythium mycelium growth rate in Petri dishes containing 50, 100, 
200, 400 and 800 ~L L-1 of essential oils of caraway, cinnamon, clove, coriander, 
lemongrass, oregano, peppermint, savory and thyme. (B) Main oil and concentration 
effects over Pythium mycelium growth rate. All values represent averages of four 
replications. Variation among replications was normalized by expressing growth rate 
(mm h-1) as a percentage of the control. 
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Figure 12. Pythium mycelium diameter after one week growing in Petri dishes with 
50, 100, 200, 400 and 800 pL L-1 concentration of caraway, cinnamon, clove, 
coriander, lemongrass, oregano, peppermint, savory and thyme essential oils. Data 
represents one replication of the experiment, but results from all three replications 
were consistent. The horizontal line represents the diameter in which the whole Petri 
dish was covered with mycelium, 84.86. 
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Figure 13. Pythiurn mycelium growth in Petri dishes with nutrient agar media and 
50, 100, 200, 400 and 800 pL L-' (from left to right) of oregano, lemongrass and 
coriander essential oils (from top to bottom). 
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Figure 14. (A) Phomopsis mycelium growth rate in Petri dishes containing 50, 100, 
200, 400 and 800 ~L L-1 of caraway, cinnamon, clove, lemongrass, oregano and 
savory essential oils. (B) Main oil and concentration effects over Phomopsis 
mycelium growth rate. All values represent averages of four replications. Variation 
among replications was normalized by expressing growth rate (mm h-1) as a 
percentage of the control. 
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Figure 15. Phomopsis mycelium diameter after one week growing in Petri dishes 
with 50, 100, 200, 400 and 800 pL L-1 concentration of caraway, cinnamon, clove, 
lemongrass, oregano and savory essential oils. Data represents one replication of 
the experiment, but results from all three replications were consistent. The horizontal 
line represents the diameter in which the whole Petri dish was covered with 
mycelium, 84.86. 
52 
Clove 
Cinnamon 
Caraway 
50 µL L-1 100 µL L-1 200 µL L-' 400 µL L-1 800 µL L-1
Figure 16. Phomopsis mycelium growth in Petri dishes with nutrient agar media and 
50, 100, 200, 400 and 800 ~L L-' (from left to right) of clove, cinnamon and caraway 
essential oils (from top to bottom). 
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Figure 17. Minimum concentration (pL L-1) required to inhibit Pseudomonas growth 
for cinnamon, oregano, savory, clove, lemongrass, caraway, coriander and thyme 
essential oils. Values represent the average of four replications. Arrows indicate that 
caraway, coriander and thyme essential oils were unable to control the pathogen 
growth at 800 p L L-1. 
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Figure 18. Pseudomonas colony growth in Petri dishes with nutrient agar media and 
50, 100, 200, 400 and 800 ~L L-' (from left to right) of oregano, lemongrass and 
clove essential oils (from top to bottom). 
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Chapter 3. Soybean Seed Treatment v~►ith Essential Oils 
Introduction 
Seed treatment is accepted as an efficient method to control diseases during 
germination. It protects the plant at seedling stage, especially under favorable 
conditions for pathogen development (Rizvi and Yang, 1996). In the last years there 
has been an increase in the use of seed treatment in soybean due to a change in 
crop management practices. Planting of soybeans early in the season allows longer 
vegetative and reproductive growing cycles and thus higher potential yields. In many 
cases, farmers cultivate more acreage and the planting window is stretched outside 
ideal conditions. Earlier planting dates often are associated with adverse 
environmental conditions for seed emergence. Seed treatment improves the 
establishment and health of the crop, especially when the seed is already infected, 
has low vigor or when the field is known to be infected with the disease (Agarwal 
and Sinclair, 1996). With the increase in the price of seed, producers prefer to treat 
the seed instead of taking the risk of replanting or losing yield (Olson, 1999). 
Synthetic pesticides are extensively used. However, sectors of the society are 
demanding more environmental friendly products. Protecting the seed with plant 
essential oils could be an important tool in organic and sustainable production. 
Under these production systems chemical treatments are not allowed and planting 
dates are delayed, which can lead to lower yield potentials. In these cases, essential 
oils could replace chemical products. Seed producers would also benefit from these 
treatments. Soybean seed is generally sold treated with antifungal or antibacterial 
treatment. If not planted, chemically treated seed cannot be sold as grain. Soybean 
seed is produced every year and not stored for the following season. Therefore, any 
remaining seed must be disposed. Seed disposal is costly because seed must be 
burn, buried or planted to feed animal wild life (International Seed Trade Federation, 
2000). Finding an effective flavorless seed treatment based on plant essential oils 
would be valuable, since they are already accepted as food additives. These seed 
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treatments could benefit agriculture in general, as they are safer for the environment 
and less toxic to handle for producers. 
Demand of organic products continues to increase. Organic soybean production 
occupies 0.17% of the total surface of soybean produced in the U.S. (Economic 
Research Service, 2005). In Iowa, organic soybean acreage has increased from 
13,247 acres in 1997 to 17,243 in 2003 (Economic Research Service, 2005). 
However, high quality organic seed is needed to fulfill this increasing demand. 
Groot et al. (2004) suggested that the lack of organic seed availability in the 
market is related to the difficulty in protecting the seed crop against seed-borne, soil-
borne, air-borne pathogens and insects with non-chemical products. The authors 
proposed the use of natural products such as essential oils or organic acids to treat 
the parental seed. They observed an important reduction in seed-associated 
bacteria and saprophytic fungi by treating cabbage seed with thyme essential oil. 
However, when the oil was applied at high concentrations they observed phytotoxic 
symptoms and poor germination. Chickpea seeds treated with neem essential oil 
produced disease free seedlings when planted in soil infected with several soil-borne 
pathogens (Fusarium oxysporum f. sp. ciceri, Rhizoctonia solani, Sclerotium rolfsii 
and Sclerotinia sclerotiorum), while non-treated seeds did not (Singh et al., 1980). 
EI-Sherbieny et al. (2002) found that thyme essential oil reduced the presence of 
seedling damping-off pathogens both, in vitro and in vivo, when using essential oils 
to protect cotton seed from pathogens. However, the activity of the oil as seed 
treatment in greenhouse conditions was lower than that of Rizolex-50 (tolclofos-
methyl), the recommended fungicide against cotton root-rot fungi. Pandey and 
Dubey (1994) reported that tomato seeds treated with different essential oils showed 
an important reduction in damping-off incidence. The authors observed that seeds 
soaked in a solution of 2000 ~L L-' of the oils reduced appearance of symptoms of 
Pythium debaryanum and Pythium aphanidermatum obtaining an important increase 
in disease-free seedlings. There were not phytotoxic effects from the oils on seed 
germination or in radicle and plumule length. Kishore and Dwivedi (1992) tested the 
volatile fungitoxic properties of Nepeta hindostana essential oil against the same 
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tomato damping-off pathogens in vitro. They found that the minimum inhibitory 
concentration of the essential oil was 500 pL L-1. The authors stated that the 
concentration of the oil required to control the pathogens was lower than that of the 
synthetic fungicides commonly used. Treatment of tomato seeds at the minimum 
inhibitory concentration did not cause phytotoxicity over germination. 
Several authors reported on the antimicrobial properties of essential oils against 
phytopathogens. However, to our knowledge, no references addressed their 
possible use in vivo as seed treatment in soybean. The objectives of this study were 
to evaluate potential phytotoxic effects of essential oils over soybean seed 
germination and to test antimicrobial efficacy of essential oils as seed treatment 
when applied to soybean seeds infected with Pythium sp., Phomopsis sp. and 
Pseudomonas syringae pv. g/ycinea. 
Materials and Methods 
Essential oils 
Cinnamon, clove, lemongrass, oregano and savory essential oils were used in 
this study. They were selected based on the antimicrobial properties in vitro against 
Pythium sp., Phomopsis sp. and Pseudomonas syringae pv. glycinea described in 
the previous chapter. 
Carrier selection 
A preliminary experiment was conducted to determine an appropriate method to 
treat small batches of seeds, as was needed in this study. Samples of 25 g of 
soybean seed were treated following two methods. In the first method, seed was 
treated during 1 min using a lab experimental seed treater (Gustafson, Shakopee, 
MN). In the second method, seeds were placed in a reclosable plastic bag (76 x 127 
mm) along with the treatment and shaken for 1 min. Both methods were tested 
applying 0.1 or 0.05 mL (2 and 4 ~L g seed-1, respectively) of soybean oil mixed with 
an oil-based red colorant (Becker-Underwood, Ames, IA). Coverage was evaluated 
by observing the seed treated with the different methods with a stereomicroscope 
(Fisher Scientific, Pittsburgh, PA). 
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Experiments were also conducted to determine the best carrier to be used with 
the essential oils. Safflower oil (The Hain Celestial Group Inc., Melville, NY), 
soybean oil (Conagra Grocery Products Co., Irvine, CA), sunflower oil (Conagra 
Grocery Products Co., Irvine, CA), light mineral oil (Fisher Scientific, Pittsburgh, PA) 
and Isopar M (ExxonMobil, Houston, TX) were added to nutrient media to obtain a 
concentration of 10000 pL L-1. Pathogens were platted following the procedure 
explained on `Pathogens' section of chapter 2 and effects of the carriers were 
compared against the controls. 
Phytotoxicity of the carriers on soybean seed germination was tested. Twenty 
five grams of seeds (DKB 26-52, Monsanto Co., Saint Louis, MO) were treated with 
0.1 mL (4 pL g seed-1) of the carriers. Seeds were treated with the carriers following 
the reclosable bag procedure. Seeds were allowed to dry for one hour and rolled 
paper towel germination test was performed. Brown paper towels (30 x 60 cm, 
Anchor Paper Co., St. Paul, MN) were soaked in water for 10 min and allowed to 
drain for 2 h. Two towels were extended and 50 treated seeds were placed along 
one of the long sides of the towel on a parallel line 5 cm from the edge. One more 
towel was place on top of the seeds and towels were rolled. Tests were place 
vertically in buckets (29 x 18 x 30 cm, Rubbermaid, Fairland, OH) with the seed-side 
up. Sixteen rolled paper towels were placed in each bucket and covered with a 
plastic bag to maintain humidity. Buckets were placed on an incubator at 25°C with 
alternating cycles of 4 h light, 4 h dark for one week. Two repetitions of 50 seeds per 
each treatment were prepared to obtain a total of 100 seeds per treatment and 
replication. Germination percentage was assessed according to AOSA Rules (2005). 
The experiment was replicated three times overtime. 
Phytotoxicity 
After deciding on the carrier, essential oil phytotoxicity tests were prepared. 
Cinnamon, clove, lemongrass, oregano and savory essential oils were diluted with 
soybean oil to obtain 400 and 800 pL L-1 solutions. These applications provided 1.6 
x 10-3 and 3.2 x 10-3 pL of essential oil (active ingredient) per gram of seed. DKB 26-
52 seeds were treated with the essential oil and carrier solutions inside reclosable 
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bags following the procedure described in the `Carrier selection' section. 
Phytotoxicity of solutions was tested using the rolled paper towel germination test. 
Tests were evaluated after one week using the AOSA Rules (2005). An additional 
test using higher concentrations (5000 and 10000 ~L L-'; 20 x 10-3 and 40 x 10-3 ~L 
of essential oils per gram of seed) was conducted to assess possible effects of 
essential oils over on seed germination. Both experiments were replicated three 
times overtime. 
Pythium extended cold germination 
Screening of the soil for the presence of Pythium 
Soil infected with Pythium was collected from a field in Nevada, IA in which 
symptoms of the disease were previously observed in soybean plants. A cold 
germination test was conducted to determine the level of infection of the soil. 
Different substrates were included for comparison purposes: Nevada soil, the soil 
used by the Seed Testing Lab for cold germination testing, sand (Sandblasting 
Sand, coarse blend, Basic Materials Corp. Elk Run Heights, IA), and a mixture of 
either soil with sand in a 1 part soil:4 parts sand proportion. One crepe cellulose 
paper sheet (40 x 61 x 0.5 cm, Nationwide Paper Inc., Minneapolis, MN) was placed 
on food service trays (45 x 66 cm, Hoffman Manufacturing Co. Albany, OR) and 
watered with 1100 mL. Trays were placed 6 cm apart in modified food service carts 
(Lakeside Manufacturing, West Milwaukee, WI) and pre-chilled at 10°C for 15 h. 
Four samples of 100 soybean seeds (DKB 26-52) were planted on each tray, lightly 
pressed down into the crepe cellulose paper using a board and covered with 2 cm of 
substrate. Trays were placed in the carts, and located in the 10°C chamber for one 
week in the dark. Carts were later moved into a 25°C chamber with 24 h of light for 
an additional week. Germination percentage was evaluated (AOSA, 2005). 
Efficacy of the oils as seed treatment 
Soybean seeds were treated with cinnamon, clove, lemongrass, oregano and 
savory essential oils at 400, 800, 4000 and 8000 ~L L-1 concentrations (1.6 x 10-3, 
3.2 x 10-3, 16 x 10-3 and 32 x 10-3 pL of essential oil per gram of seed). Seeds were 
treated following the procedure explained in the `Carrier selection' section. Treated 
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seeds were tested using an extended cold germination test. A control without 
treatment, a control only with carrier and a control with fungicide were also included. 
The fungicide applied was Apron Maxx RTA (Syngenta Crop Protection Inc. 
Greensboro, NC) at the recommended rate of 3.26 mL kg-1 of seed. Fungicide active 
ingredients were 1.07% mefenoxam and 0.73% fludioxinil; providing 34.9 x 10-3 and 
23.8 x 10-3 pL of active ingredient per gram of seed, respectively. Nevada soil was 
mixed with sand in a 1:2 proportion and used as substrate. The tests were 
conducted as previously described, but for the length of time in the cold and warm 
chambers. Tests were placed for 10 d in the 10°C chamber followed by for 4 d in the 
25°C chamber. Treatments were randomized within trays in the cart. In both 
experiments, seeds were classified as normal seedlings, seedlings presenting 
Pythium symptoms, abnormal seedlings (for reasons other than presenting Pythium 
symptoms), and non-emerged seeds. The experiment was replicated three times 
overtime. 
To prove that Pythium was the causal agent for the possible symptoms present 
in the diseased seedlings that may be observed when evaluating the germination 
test, a recovery of the pathogen from those seedlings was conducted. Seedlings 
presenting disease symptoms were surface sterilized by immersing them for 30 s in 
a dilution 0.5% of sodium hypochlorite in water. After rinsing with deionized water, 
seedlings were plated in Petri dishes with potato dextrose agar media and incubated 
at 25°C in an alternate cycle of 4 h light and 4 h darkness. For the identification of 
the pathogen in the plates mycelium characteristics and growth were observed every 
day for one week. 
Phomopsis standard germination 
Seed 
Phomopsis infected seed from two sources were used in this experiment. 
Naturally infected seeds were obtained from the ISU seed lab. Artificially infected 
seeds were obtained by immersing whole pods (R8 stage) in a dilution of 4.5 x 10' 
conidia mL-' for 15 seconds (Balducchi and McGee, 1987). The dilution was 
prepared by pouring a 1:1 solution of sterile water and PBS over 7-day-old 
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Phomopsis plates. Conidial concentration was counted with hemocytometer (Bright-
Line, American Optical, Buffalo, NY). Clear polystyrene boxes (28 x 16 x 4.5 cm, 
COIe-Parmer Instrument, Co. Vernon Hills, IL) were filled with 200 mL of water and a 
wire rack was place inside. Pods were then placed over the rack (Fig. 1). Boxes 
were maintained at 100% humidity by enclosing them in plastic bags. They were 
incubated in a 25°C chamber with a 12 h light, 12 h dark cycle for one week. Pods 
were shelled and seeds were dry at room temperature and humidity for 24 h 
(Balducchi and McGee, 1987). 
Seed infection percentage was tested performing a blotter test. Two blotter 
papers (22.5 x 15 cm, Anchor Paper Co., St Paul, MN) were placed in a clear 
polystyrene box and 100 mL of a dilution of water and 50 mg of the fungicide Botran 
(Gowan Co. Yuma, AZ) were added. Seeds were immersed in a 1 % Clorox (The 
Clorox Co., Oakland, CA) solution for 30 s and then rinsed in sterile water. 
Aseptically, 100 seeds were placed in the box and separated with tweezers to avoid 
cross-contamination between seeds. Tweezers were sterilized after preparing each 
box. Four replications of 100 seeds were prepared for each lot. Boxes were 
incubated at 25°C with 24 h light for 7 d. Tests were evaluated on day seven. 
Efficacy of the oils as seed treatment 
Three replications of standard germination test (AOSA, 2005) were carried out 
for each seed lot. Samples of 25 g of infected soybean seed were treated with 
cinnamon, clove, lemongrass, oregano and savory essential oils as explained in the 
carrier determination experiment (`Carrier selection' section). Essential oils were 
diluted with soybean oil at 400, 800, 4000 and 8000 pL L-1 concentrations. Acontrol 
without treatment, a control only with carrier and a control with Apron Maxx at the 
same rate used in the Pythium extended cold test were included in the experiment. 
Standard germination test was prepared by placing two sheets of crepe cellulose 
paper on food service trays and adding 825 mL of water. On each tray, four batches 
of 100 seeds treated with the different essential oils were placed and seeds were 
lightly-pressed into the substrate. Treatments were randomized among trays. Trays 
were then placed 6 cm apart in modified food service carts and carts were placed 
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into an incubation chamber at 25°C with 4 h alternate cycles of light and dark for one 
week. Seed germination percentage and symptoms of Phomopsis infection were 
recorded. The documented categories were: normal, abnormal, seedlings with 
Phomopsis symptoms, dead seeds with Phomopsis symptoms and dead seeds due 
to other causes. The pathogen was recovered from diseased seedlings as it was 
explained in the `Pythium extended cold germination' section in `Materials and 
Methods'. 
Pseudomonas standard germination 
Seed inoculation 
Soybean seeds (DKB 26-52) were infected with Pseudomonas using vacuum 
infiltration. Water and phosphate buffered saline (PBS) were mixed at 1:1 proportion 
to obtain 1500 mL of mixture. Pseudomonas colonies from 7-day-old plates were 
removed with a cotton swab and diluted on the liquid mixture to obtain a 
concentration of 104 bacteria mL-1 . Concentration was determined by comparing with 
a McFarland standard. Seeds were placed in a flask immersed in the liquid inoculum 
and vacuum was applied for 2.5 min at 70 KPa. Subsequently, seeds were allowed 
to dry for 15 h. 
Efficacy of the oils as seed treatment 
Samples of 25 g of infected soybean seed were treated with cinnamon, clove, 
lemongrass, oregano and savory essential oils at concentrations of 400, 800, 4000 
and 8000 pL L-1 (refer to `Carrier determination' in `Materials and methods'). Three 
replications of the standard germination test were done overtime. Germination 
percentage and Pseudomonas symptoms were evaluated after one week. Seedling 
categories were normal, abnormal, seedlings with Pseudomonas symptoms, dead 
seeds with Pseudomonas symptoms and dead seeds because of other causes. A 
blotter test was prepared to determine the extent of seed infection as explained for 
Phomopsis (`Phomopsis standard germination' section). 
Statistical analysis 
The experimental design was a randomized complete block, with replications 
over time considered as blocks. Carriers were considered as main effect when 
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analyzing data or the effects of the carriers on the pathogens and on seed 
germination. A single factor was included for the carrier's effect over pathogens 
growth and soybean germination, alternative carriers. When testing soils for 
presence of Pythium, the different substrates treatments were considered as the 
factor. Atwo-way factorial design was used for the phytotoxicity and for the in vivo 
testing of the essential oils experiments, with essential oils and concentrations as 
main factors. The results were analyzed using the General Linear Model procedure 
in JMP (SAS Institute Inc., Cary, NC). 
Results and Discussion 
The demand for organic products has been steadily increasing in the last years. 
Since synthetic pesticides are not allowed in the agricultural systems where they are 
produced, new alternatives to these compounds are being investigated (Groot et al. 
2004). Essential oils have shown effective control of seed- and soil-borne pathogens 
in vitro. In this study, the antimicrobial properties of cinnamon, clove, lemongrass, 
oregano and savory essential oils in vivo have been investigated for their possible 
use as seed treatment against Pythium, Phomopsis and Pseudomonas soybean 
seed diseases. 
Carrier selection 
It was necessary to develop a protocol for uniformly treating small amounts of 
seed. Seed batches of 25 g were treated with soybean oil and a colorant using either 
an experimental drum treater or reclosable plastic bags. Both methods were tested 
using two rates of oil, 2 and 4 pL g seed -1. No visual differences were detected 
between the two methods using a stereomicroscope. Seeds were uniformly covered 
by the oil, regardless of the seed treatment method used (Fig. 2). The reclosable 
plastic bag method was chosen because it is simple, the bags can be discarded 
after each treatment, and because it allowed uniform treatment of small amounts of 
seeds. Even though there were no visual differences between lots treated with 
soybean oil at the rates of 2 or 4 pL g seed -1 , the rate of 4 pL was chosen to ensure 
good seed coverage by the oils. 
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All the compounds used in this study are oil-based. Thus, an appropriate carrier 
was needed to apply the desired concentration of essential oils to the seed. Different 
carriers were tested for their ability to thoroughly mix with the essential oils. The 
carriers were also evaluated for their potential impact on pathogenic growth and 
seed germination, to avoid confounding the genuine effects of the essential oils with 
the effects of the carriers. Three vegetable oils (soybean, safflower and sunflower) 
and two mineral oils (light mineral oil and Isopar M) were evaluated. The vegetable 
oils were included because of their natural origin, their acceptance in organic 
production and because presumably they should have no detrimental effect on the 
pathogens and the seed. Isopar M was chosen because it is an oil solvent without 
noxious effect over germination. In addition, a light mineral oil was selected for 
comparison purposes. 
Carrier oils were mixed in the nutrient agar at 10000 pL L-1 ; the highest 
concentration that could possibly be added to the media without producing a phase 
separation. Media was plated in Petri dishes and pathogenic growth was monitored. 
Pythium mycelium growth rate was affected by the carrier oils (P<0.05, Fig. 3). All 
carriers were comparable to the control except for sunflower oil which enhanced 
mycelium growth by 15%. However, no plausible explanation could be drawn from 
these observations. In the case of Phomopsis, no differences were observed 
between carriers, although samples plated in the nutrient agar media with sunflower 
oil presented again a slight increase in fungal growth (P<0.05, Fig. 4). Similarly, 
there were no significant differences in Pseudomonas growth among the carriers 
(P<0.05). Still, on average samples plated on the media with carrier oils had a 10% 
reduction in the number of bacterial colonies when compared to the control (Fig. 5). 
To observe possible phytotoxic or growth enhancement effects of the carriers, 
soybean seeds were treated with the carrier oils and a germination test was 
performed. No statistical differences between carriers were detected (P<0.05, Fig. 
6). Based on the results of the carrier oil screening, soybean oil was selected as the 
carrier because it did not affected pathogenic growth or soybean seed germination. 
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Hall and Harman (1991) reported that soybean oil application to the seed did not 
affect viability, vigor, field emergence or adsorption of moisture in pea seeds. 
The use of soybean oil as a carrier had additional advantages. This oil is a 
natural compound, accepted in organic production; it is relative inexpensive and 
easily available. It can be also considered that, since it is naturally produced by the 
seed to be treated, it would harmless to soybeans. 
Phytotoxicity 
A desirable seed treatment should be effective at controlling pathogens but 
should not interfere with the development of the seedling. To test the effect of the 
essential oils on soybean germination, seeds were treated with 4 pL g seEd-1 of a 
dilution of soybean oil and the selected essential oils. The minimum inhibitory 
concentration and its double (400 and 800 pL L-1, respectively), were obtain by 
mixing the essential oils with the soybean oil. The phytotoxic effect was evaluated 
using the rolled paper towel standard germination procedure. The possible 
antibacterial effect of the volatile compounds of one essential oil affecting a different 
treatment was determined before placing the tests together in the same germination 
cart. No interference among treatments was observed (data not shown). 
There were no differences (P<0.05) in germination percentage of seeds treated 
with the essential oils. These results indicated that essential oils had no phytotoxic 
effects at the tested concentrations (Fig. 7). In fact, all treatments showed 
germination values over 94%. 
The selected oils were successful at controlling the pathogens in vitro at 
concentrations of 400 and 800 pL L-1. However, higher concentrations of the oils 
may be required to effectively control the pathogens in vivo. For this reason, an 
additional experiment was conducted to further assess if essential oils could be 
phytotoxic when applied to the seed at higher rates. Soybean seeds were treated 
5000, 10000 pL L-1 and pure essential oil before testing their effect as seed 
treatment. Application of the essential oils at rates of 5000 and 10000 pL L-~ did not 
show an effect over soybean germination (P<0.05, Fig. 8). However, severe 
reductions in germination percentage were observed when soybean seeds were 
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treated with pure essential oils. Germination values ranged from 53% (i.e. pure 
savory essential oil) to 2% (i.e. pure cinnamon essential oil) compared to a 95% of 
germination in the untreated control (Fig. 8). Figure 9 illustrates an example of 
soybean germination tests of seed treated with increasing rates of cinnamon 
essential. Dudai et al. (1999) reported a reduction in germination of wheat and 
Amaranthus seeds due to allelopathic effects when oregano and lemongrass 
essential oils were applied to the soil. Based on their findings they concluded that 
these essential oils could be used as bio-herbicides. In a different study, Scrivanti et 
al. (2003) reported inhibition of root growth in corn seedlings exposed to the volatile 
compounds of Tagetes minuta and Schinus areira essential oils. However, results 
from our study suggested that that cinnamon, clove, lemongrass, oregano and 
savory essential oils were safe to soybean seed when applied at concentrations as 
high as 10000 pL L-1 . 
In subsequent in vivo experiments, aiming to better understand essential oils 
efficacy as seed treatment, seeds were treated at the minimum inhibitory 
concentration (M I C), 2 x M l C, 10 x M I C and 20 x M I C (400, 800, 4000 and 8000 p L 
L-1 , respectively). 
Pythium extended cold germination 
Screening of the soil for the presence of Pythium 
Pythium is a soil-borne pathogen and thus it is not carried by the seed. To test 
the effectiveness of the essential oils against this pathogen treated seeds were 
evaluated in an extended cold test using infected soil. A preliminary experiment was 
conducted to verify the presence of the pathogen in the soil. Since seed treatment to 
prevent Pythium infection is recommended in Iowa when planting soybeans before 
May 15 and soil temperatures are lower than 10°C (Wall, 1983); a cold germination 
test was conducted to simulate those conditions. Untreated soybean seeds were 
planted in a cold germination test and the seedlings were evaluated for Pythium 
symptoms. Five different substrates were used: Nevada soil, the Seed Testing lab 
soil, sand, and a mixture of either soil with sand in a 1 part soil:4 pars sand 
proportion. Differences between treatments were observed (P<0.05, Fig. 10). Seeds 
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grown in a substrate containing only soil (e.g. Nevada soil and ISU soil) showed the 
lowest germination percentages. These results seem to indicate that there was a 
higher pathogenic pressure when only soil was used. The cold germination test is 
usually conducted using a combination of sand and soil as substrate (AOSA, 2002), 
to avoid compaction. It is possible that using only soil as a substrate may have 
created a stressful environment for the seed. Seed samples planted in the Nevada 
soil presented a significantly lower germination, around 60%. Those treatments did 
not have a dilution of the pathogen in a bigger volume of substrate as occurred with 
the other treatments. These results were expected because the soil was collected in 
a field where Pythium infected soybean plants were observed. The Nevada soil plus 
sand substrate presented an intermediate cold germination percentage (82%), but it 
was not different from other substrata except pure Nevada soil. The highest 
germination percentages, approximately 87%, were obtained in samples germinated 
in sand or the combination of lab soil and sand. These results confirmed that the 
level of Pythium infection was highest in the Nevada soil. However, when that soil 
was mixed with sand at a 1:4 (soil:sand) proportion the germination percentage 
increased significantly from pure Nevada soil. Based on these results, Nevada soil 
was mixed with sand in higher proportion (1 :2 soil:sand), to increase pathogen 
pressure and ensure seed exposure to an infected substrate. In addition, an 
ex~~ended cold test instead of a cold test was used to prolong the cold temperature 
stress. The extended cold test provides a longer exposure of the samples to cold 
conditions to increase the likelihood of the pathogen infecting the seed. 
Efficacy of the oils as seed treatment 
Presence of Pythium was detected in all the evaluated seedlings presenting 
symptoms. There were no interactions between essential oils and concentration 
(P<0.05). Essential oils efficacy as seed treatment was tested against Pythium in a 
cold test. Seeds were treated at 400, 800, 4000 and 8000 pL L-1. There were no 
differences among essential oils and among the vario~~s concentrations (P<0.05, Fig. 
11). The average cold germination was above 87% for all treatments (Table 1) and 
the number of seeds infected with the disease was low (data not shown). Figure 12 
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shows an example of a seedling infected with Pythium. The highest germination, 
93.7%, was observed in the non-treated seed (control). Sinclair and Backman (1989) 
reported that in a cold test, a germination level of 70% or higher was considered as 
healthy and vigorous seed. Our result suggests that substrate infection was not high 
enough to affect germination. Therefore, the advantage of treating the seed with 
synthetic fungicide or essential oils was not expressed. Soil with a higher presence 
of the pathogen, as well as soil artificially infected with Pythium should be used in 
future experiments. 
Phomopsis standard germination 
Seed 
A naturally infected seed lot was tested using the blotter test to determine the 
level of infection in the seed. The seed lot had an infection level of approximately 
23% (Fig. 13). Due to the high level of infection in this seed lot, it was extremely 
difficult to evaluate the germination tests. Thus, healthy seeds were artificially 
inoculated to produce a seed lot with a lower level of infection. The artificially 
infected seed lot showed a 12% infection level in the blotter test (Fig. 13). Both seed 
lots were treated with essential oils and tested using the standard germination test. 
Efficacy of the oils as seed treatment 
Presence of Phomopsis was detected in all the evaluated seedlings presenting 
symptoms. There were no interactions between the essential oils and their 
concentrations. In the standard germination of naturally infected seeds treated with 
the essential oils at the different concentrations no differences were observed for the 
percentage of seed and seedlings presenting Phomopsis symptoms (P<0.05, Fig 
14). No differences in these parameters when the percentage of normal seedlings 
was used as factor were observed either (P<0.05, data not shown). Although no 
differences between treatments were detected, the fungicide control resulted in seed 
germination values 13.6% higher than the untreated control (Table 2); but even in 
the fungicide treatment infection was fairly high, close to 14% (Fig. 14). Examples of 
infected Phomopsis seeds and seedlings are shown in Figure 16. 
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As occurred with the results of naturally infected seeds, there were no 
differences between oils, concentrations or their interaction in artificially infected 
seeds (P<0.05, Fig. 15). However, the control fungicide showed a higher 
germination percentage (85%) than the rest of the oils treatments. Individual 
combinations of oil/concentration were compared by considering them in a one 
factor analysis of variance (i.e. oil/concentration as the factor). When analyzing the 
data following this statistical procedure, differences were observed (P<0.05, Table 
3). Except for the control fungicide which showed the highest germination (84.7%), 
the percentage germination ranged from 68.0% in the case of savory 800 pL L-1 to 
78.0% in the case of cinnamon 8000 pL L-1. The latter, however, was not different 
from the control fungicide. These results highlight that cinnamon at 8000 pL L-1 was 
as effective as the fungicide in controlling Phomopsis, although its germination 
percentage values were slightly lower. It is possible that the use of higher cinnamon 
essential oil concentrations could have increased the efficacy of the treatment. 
Further research in this matter should be conducted. The germination percentage of 
the untreated seed control was within the treatments with the lower germination 
values. This result points out that Phomopsis was present in the seeds and that 
some oils were able to partially inhibit its growth. However, even the untreated seed 
presented a relatively high germination (73.0%). One possible explanation is that the 
level of Phomopsis infection in the seed might have not been severe enough to 
enhance the differences among treatments. Even though some oil/concentration 
combinations seemed to control Phomopsis better than others (i.e. cinnamon 8000 pL 
L-1 vs. clove 8000 pL L-1, Table 3), these observations are not definitive. Future 
experiments should include higher application rates of the essential oils to assess if 
the oils could completely suppress pathogen growth. 
Wall et al. (1983) conducted seed treatment experiments using Phomopsis 
infected soybean seeds. They concluded that there was no significant advantage 
from applying seed treatments to healthy soybean seed lots with high germination 
percentage. Seed treatments were effective only when Phomopsis seed infection 
was higher than 15%. Further research should include seed lots of various levels of 
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seed quality and infection to better assess the effect of essential oils seed treatment 
on germination. 
Pseudomonas standard germination 
Seed inoculation 
Since it was not possible to find naturally infected seed, healthy seeds were 
inoculated using vacuum infiltration with a bacterial dilution of Pseudomonas as 
explained in materials and methods. The blotter test showed a 20% level of seed 
infection. 
Efficacy of the oils as seed treatment 
Artificially infected seeds were treated with cinnamon, clove, lemongrass, 
oregano and savory essential oils at 400, 800, 4000 and 8000 pL L-1 concentrations. 
In this case, there were two controls, untreated seed and seed treated with the 
carrier alone, as no commercial synthetic bactericidal compound was available. 
There were no differences among oils, concentrations or the interactions between 
oils and concentrations (P<0.05, Fig. 17). Seeds from the control carrier presented 
the lowest germination, 85.0%, followed by cinnamon 8000 pL L-1 , 86.0%, and 
untreated control and clove 800 pL L-1 , 86.3%. The highest germination rates were 
for seeds treated with lemongrass 800 pL L-1 and oregano 8000 pL L-1 , both with 
93.0% germination percentage and savory 8000 pL L-1 with 94.3% (Table 4). In 
general, the controls presented lower germination percentages than the majority of 
the other treatments, indicating presence of the pathogen and some control of the 
Pseudomonas infection by the essential oils. Examples of seedlings infected with 
Pseudomonas are presented in Figure 18. However, germination values were 
relatively high in all treatments, indicating that more severely infected seed should 
be used in future experiments. In our results, the average of all treatments was 
88.5% and the lowest value was 85%. All these values are above the range 
presented by Sinclair and hackman (1996) who suggested that for an infected seed 
lot to be considered below average or with low quality, it should present a 
germination percentage between 75 and 84% in a standard germination test. 
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Seed treatments can improve seedling establishment and health of the crop, 
especially when seeds have low vigor or are already infected with diseases (Agarwal 
and Sinclair, 1996). In the majority of our experiments, the seed or the soil tested, 
presented a low level of disease infection. Consequently, low levels of infection in 
the seed could be partially responsible for the small improvement in seed 
germination percentage of essential oil treated seed. In addition, seed treatment can 
offer an advantage to the seed when environmental conditions are favorable for 
pathogen development (Rizvi and Yang, 1996). The standard germination test used 
in the experiments with Phomopsis and Pseudomonas provides an ideal 
environment for seed growth (25°C). In future experiments with those pathogens, a 
more stressful test, such as the cold test, may provide conditions appropriate for the 
disease while reducing the environment adequacy for the seed. The cold test 
simulates the adverse field conditions of early spring in the Midwest of the U.S., 
slowing the germination process and increasing the likelihood of infection. Untreated 
seeds infected with Phomopsis presented a reduction in the cold test germination 
percentage when compared to standard germination test results (Wall et al. 1983). 
The authors observed that applying a synthetic fungicide to Phomopsis infected 
seed did not improve the standard germination percentage of the seed lot but it 
significantly increased seedling emergence in cold tests. However, it has to be 
accounted that if the inoculum of the pathogens is present only in the seed coat, a 
cold test can decrease disease incidence due to the abrasion or removal of the seed 
coat by the substrate (Zorrilla et al., 1994). 
In general, a significant advantage in the control of the seed pathogens in vivo 
could not be detected for the tested essential oils and concentrations. Higher 
essential oils concentrations as seed treatment and their phytotoxic effects on 
soybean seed should be evaluated in future research. There is also a possibility that 
the carrier oils could have interacted with the essential oils in vivo reducing its 
effectiveness. It has been shown that the antimicrobial activity could change when 
the active components are present in complex mixtures, especially with lipids that 
can partition the active components between the lipid and the aqueous phase 
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decreasing its effect (Davidson and Parish, 1989; Friedman et al. 2002). Zambonelli 
et al. (1996) and Burt and Reinders (2003) suggested that the antibacterial effect of 
essential oils could possibly be associated with alterations in the composition of the 
cell membrane. External sources of phospholipids could help membrane reparation 
reducing the antimicrobial properties of essential oils. 
Finally, the application method of essential oil to the seed may have been 
inadequate. Generally, in the experiments reviewed in the literature, seed treatment 
was achieved by soaking the seed in the essential oils for a determined period of 
time (Singh et al., 1980; Pandey and Dubey, 1994; Kritzinger et al., 2002; Groot et 
al., 2004). This procedure could provide an increase in the absorption of the oils. 
However, this method would result in higher cost because more volume of essential 
oil would be needed. If the protection offered by the essential oils is systemic, as 
suggested by Kishore and Dwivedi (1992), submersion possibly increases the seed 
treatment response as the compounds are infused into the seed. Experiments 
should be conducted to test the use of different carriers (e.g. water) and the seed 
treatment application with other methods such as submersion. 
Essential oils could compete in price with synthetic compounds, especially if the 
additional benefits of the oils in organic production are accounted. In some studies, 
essential oils have shown higher level of pathogen control than the recommended 
synthetic fungicides. For example, cotton seed treated with thyme essential oil 
reduced the incidence of Pythium among other damping off pathogens (EI-Sherbieny 
et al. 2002). However, the required dosage of thyme essential oil was higher than 
the dose of the commonly used synthetic fungicide. Apron Maxx is one of the 
recommended synthetic fungicides to control the fungal pathogens used in our 
study. At the rate of 8000 pL L-1 the volume of essential oils applied was 0.032 ~,I per 
gram of seed. The recommended rate of Apron Maxx was 0.059 pl of the 
combination of both, mefenoxam and fludioxinil active ingredients. The cost of 
applying essential oils would be similar or even lower than applying a traditional 
fungicide. The cost of treating 1 kg of seed with a 8000 pL L-1 rate is about $0.0928 
for cinnamon, $0.0125 for clove, $0.0091 for lemongrass, $0.0219 for oregano and 
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$0.0360 for savory (this costs are calculated based on retail prices; bulk essential 
oils would likely be obtained for a lower price). The price to treat the same amount 
with Apron Maxx is $0.0127. The added value of using organic products to control 
seed- and soil-borne pathogens in soybean seed could easily pay off for the 
additional cost. 
Conclusions 
Essential oils of cinnamon, clove, lemongrass, oregano and savory effectively 
controlled Pythium, Phomopsis and Pseudomonas in vitro. In this study, the in vivo 
efficacy of these essential oils was tested. Soybean oil was selected as the carrier 
for the essential oils because it was innocuous to soybean seed and did not affect 
the germination or the pathogenic growth in vitro. 
Essential oils used as seed treatment did not show phytotoxic effects over 
soybean germination even when applied at concentrations as high as 10000 pL L-1 . 
Thus, essential oils were considered safe to soybean seed. Healthy seeds treated 
with essential oils and planted in Pythium infected soil did not show improvements in 
germination relative to the control. Seed infected with Phomopsis or Pseudomonas 
treated with the essential oils did not present a definitive advantage over the non-
treated seed either. In most cases, non-treated seed germination values were fairly 
high indicating that none of the three pathogens affected the normal development of 
the seedling. While in vitro observations demonstrated that cinnamon, clove, 
lemongrass, oregano and savory essential oils have antimicrobial properties against 
those three pathogens, in vivo results could not confirm or reject the in vitro results. 
Additional experiments should be conducted including other soybean varieties and 
testing at higher concentration of the essential oils. More severely infected seeds or 
soil could be used to enhance differences between treated and untreated seed. 
Further research, both through germination tests and in field evaluation, should be 
conducted to assess the effectiveness of the essential oils as seed treatment. 
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Table 1. Extended cold germination percentages of soybean seeds treated with 400, 
800, 4000 and 8000 ~L L-' of cinnamon, clove, lemongrass, oregano and savory 
essential oils growing in Pythium infected soil. Untreated seed (control), seed treated 
with soybean oil only (control carrier) and seed treated with Apron Maxx RTA 
fungicide (control fiungicide) treatments are included. Values represent the average 
of three replications. 
normal seedlings (%)~ 
concentration (~L L~') 
treatment 400 800 4000 8000 
cinnamon 90.7 87.3 89.0 
clove 89.3 88.3 87.3 
lemongrass 89.0 89.3 87.3 
oregano 88.3 89.3 91.7 
savory 91.0 88.3 87.3 
control 93.7 
control carrier 89.0 
control fungicide 92.7 
89.7 
89.7 
88.7 
90.7 
90.3 
~No differences among essential oils or concentrations were observed at 0.05 
level of probability. 
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Table 2. Standard germination percentage of Phomopsis naturally infected soybean 
seeds treated with 400, 800, 4000 and 8000 ~L L-' of cinnamon, clove, lemongrass, 
oregano and savory essential oils. Untreated seed (control), seed treated with 
soybean oil only (control carrier) and seed treated with Apron Maxx RTA fungicide 
(control fungicide) treatments are included. Values represent the average of three 
replications. 
normal seedlings (%)fi
concentration (~L L-') 
treatment 400 800 4000 8000 
cinnamon 45.3 37.3 38.0 46.0 
clove 43.0 38.3 43.3 43.7 
lemongrass 44.7 37.3 43.0 44.0 
oregano 44.0 37.0 36.3 44.0 
savory 42.7 36.7 38.7 45.5 
control 40.7 
control carrier 43.3 
control fungicide 54.3 
~No differences among essential oils or concentrations were observed at 0.05 
level of probability. 
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Table 3. Standard germination percentage of Phomopsis artificially infected soybean 
seeds treated with 400, 800, 4000 anc~ 8000 ~L L-' of cinnamon, clove, lemongrass, 
oregano and savory essential oils. Untreated seed (control), seed treated with 
soybean oil only (control carrier) and seed treated with Apron Maxx RTA fungicide 
(control fungicide) treatments are included. Values represent the average of three 
replications. 
normal seedlings (%)~ 
concentration (~L L-1) 
treatment 400 800 4000 8000 
cinnamon 68.7 de 76.3 be 76.3 be 78.0 ab 
clove 74.0 bcde 73.3 bcde 76.0 bcd 69.7 cde 
lemongrass 74.3 bcde 73.3 bcde 73.3 bcde 73.3 bcde 
oregano 68.3 e 76.7 be 70.0 cde 71.0 bcde 
savory 75.0 bcde 68.0 e 74.7 bcde 73.7 bcde 
control 73.0 bcde 
control carrier 72.7 bcde 
control fungicide 84.7 a 
Different letters indicate differences at 0.05 level of probability. 
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Table 4. Standard germination percentage of Psoudomonas artificially infected 
soybean seeds treated with 400, 800, 4000 and 8000 pL L-1 of cinnamon, clove, 
lemongrass, oregano and savory essential oils. Untreated seed (control) and seed 
treated with soybean oil only (control carrier) treatments are included. Values 
represent the average of three replications. 
normal seedlings (%)fi
concentration (NL L-') 
treatment 400 800 4000 8000 
cinnamon 88.0 87.0 87.0 86.0 
clove 89.0 86.3 89.3 87.0 
lemongrass 90.0 93.0 88.7 87.7 
oregano 89.0 88.0 89.0 93.0 
savory 87.7 86.7 90.7 94.3 
control 86.3 
control carrier 85.0 
TNo differences among essential oils or concentrations were observed at 0.05 
level of probability. 
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figure 1. Soybean seeds artificially infected with Phomopsis. On top, Petri dish 
showing Phomopsis growth, pycnidia and production of conidia. On the bottom, pods 
inoculated with Phomopsis, pods placed on a wire rack in a plastic box to create a 
water-saturated environment for incubation. 
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0.2%treater 
0.4%treater 
0.2%bag 
0.4%bag 
Figure 2. Soybean seeds treated with soybean oil (carrier) and red colorant at either 
2 (top) or 4 ~L g seed-' (bottom). Two approaches were used; mixing the seed in an 
experimental drum treater (left) or reclosable plastic bags (right) for one minute. 
Soybean seed without treatment is shown in the center. 
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Figure 3. Pythium mycelium growth rate in Petri dishes containing 10000 pL L-1 of 
five different carrier oils diluted in the nutrient agar media. Values represent 
averages of three replications. Variation among replications was normalized by 
expressing growth rate (mm h-') as a percentage of the control. Different letters 
indicate differences at 0.05 level of probability. 
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Figure 4. Phomopsis mycelium growth rate in Petri dishes containing 10000 ~L L-' 
of five different carrier oils diluted in the nutrient agar media. Values represent 
averages of three replications. Variation among replications was normalized by 
expressing growth rate (mm h-') as a percentage of the control. No differences 
among carrier oils were observed at 0.05 level of probability. 
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Figure 5. Number of Psecadomonas colonies after 4 d of inoculation in the control 
and Petri dishes containing 10000 pL L-1 of five different carrier oils diluted in the 
nutrient agar media. Values represent averages of three replications. Variation 
among replications was normalized by expressing number of colonies as a 
percentage of the control. No differences among carrier oils were observed at 0.05 
level of probability. 
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Figure 6. Standard germination of soybean seeds treated with 4 pL of isopar, 
mineral, safflower, soybean or sunflower oils per gram of seed. values represent the 
average of three replications. No differences among carrier oils were observed at 
0.05 level of probability. 
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Figure 7. Standard germination of soybean seeds treated with 400 and 800 ~L L-' of 
cinnamon, clove, lemongrass, oregano and savory essential oils. Non-treated seed 
(control) and seed treated only with soybean oil (control carrier) treatments were 
also included. Values represent the average of three replications. No differences 
among essential oils were observed at 0.05 level of probability. 
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Figure 8. Standard germination of soybean seeds treated with 5000 and 10000 ~L 
L-1 of cinnamon, clove, lemongrass, oregano and savory essential oils. Non-treated 
seed (control) and seed treated only with soybean oil (control carrier) treatments 
were also included. Different letters indicate differences at 0.05 level of probability. 
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Figure 9. Rolled paper towel germination test showing soybean seeds treated with 
cinnamon essential oil at the rate of pure oil, 10000 ~L L-' and 5000 ~L L-' and 
untreated seeds (control). Phytotoxic effects were only observed when seeds were 
exposed to pure essential oil. 
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Figure 10. Percentage of normal seedlings in cold germination test of soybean 
seeds using five substrates with different levels of Pythium infection. Substrates are 
lab soil &sand, sand, Nevada soil and sand, lab soil and Nevada soil. Values 
represent the average of three replications. Different letters indicate differences 
between treatments at 0.05 level of probability. 
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Figure 11. (A) Normal seedling germination percentage of seeds exposed to an 
extended cold germination test in Pythium infected soil. Seeds were treated with 
400, 800, 4000 and 8000 pL L-1 of cinnamon, clove, lemongrass, oregano and 
savory. (B) Main oil and concentration effects over normal seedling germination. All 
values represent averages of three replications. Variation among replications was 
normalized by expressing normal seedling germination as a percentage of the 
control. 
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Figure 13. Level of Phomopsis infection observed in the blotter tests of naturally and 
artificially infected seed lots. values represent averages of three replications. 
Different letters indicate differences at 0.05 level of probability. 
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Figure 14. Average percentage of seed and seedlings infected with Phomopsis for 
each oil and concentration. Non-treated seed (control), seed treated with soybean oil 
only (control carrier) and seed treated with Apron Maxx RTA fungicide (control 
fungicide) are included. 
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Figure 15. (A) Normal seedling germination percentage of artificially infected 
Phomopsis seeds in standard germination test. Seeds were treated with 400, 800, 
4000 and 8000 pL L-1 of cinnamon, clove, lemongrass, oregano and savory. (B) 
Main oil and concentration effects over normal seedling germination. All values 
represent averages of three replications. Variation among replications was 
normalized by expressing normal seedling germination as a percentage of the 
control. 
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figure 16. Soybean seeds and seedling presenting symptoms of Phomopsis 
infection. Seeds show chalky appearance with the pycnidia emerging as black dots 
when pressure is applied. 
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Figure 17. (A) Normal seedling germination percentage of artificially infected 
Pseudomonas seeds in standard germination test. Seeds were treated with 400, 
800, 4000 and 8000 ~L L-1 of cinnamon, clove, lemongrass, oregano and savory. (B) 
Main oil and concentration effects over normal seedling germination. All values 
represent averages of three replications. 
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Figure 18. Soybean seeds and seedling presenting symptoms 
of Pseudomonas 
infection. Seedling presents stubby roots and stunted growth (top); 
rotten seeds 
(bottom). 
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Chapter 4. General Conclusions 
Plant essential oils present antimicrobial properties and can effectively control 
the pathogens tested. Essential oils of a broad range of aromatic plants were 
evaluated for their ability to inhibit Pythium sp., Phomopsis sp. and Pseudomonas 
syringae pv. glycinea growth in vitro and in vivo. Cinnamon, clove, lemongrass, 
oregano and savory inhibit growth of these three pathogens at a concentration of 
400 ~L L-' of the essential oils in the agar nutrient media. Other oils control growth of 
one of the pathogens but not the others. A few essential oils show partial control by 
delaying the pathogenic growth. Although the minimum inhibitory concentration is 
slightly different among oils, a general threshold can be set at 400 ~L L-~. 
The results from the gas chromatography-mass spectrometry analysis of the 
essential oils are inconclusive. (E)-caryophyllene is the only compound common to 
all the essential oils that presented antimicrobial activity. However, (E)-caryophyllene 
and other compounds found in the selected essential oils were also present in the 
essential oils with low or no action over the pathogens. It has been suggested 
(Daferera et al. 2003) that maybe the interaction between chemical compounds in 
the oils, rather than specific compounds, provide the essential oils their antimicrobial 
properties. 
Soybean oil is innocuous to soybean seed germination and pathogenic growth in 
vitro. The oil is effective as a carrier for the essential oils treatments. Seed treatment 
with essential oils has no phytotoxic effects over soybean germination even when 
applied at concentrations as high as 10,000 ~L L-'. The essential oils are a safe 
seed treatment. 
Healthy seed treated with the essential oils and planted in a cold test using 
Pythium infected soil, do not show any enhanced germination relative to the control. 
Seeds infected with Phomopsis or Pseudomonas and treated with the essential oils 
do not present a definitive advantage over the untreated seed either. In most cases, 
untreated seed germination values are fairly high indicating that the three pathogens 
did not affect the normal development of the seedling. While in vitro observations 
demonstrated that cinnamon, clove, lemongrass, oregano and savory essential oils 
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have antimicrobial properties against those three pathogens, these results could not 
be confirmed or rejected in vivo for a rate of 1.6 10-3, 3.2 10-3, 16 10-3 and 32 10 -3 pL 
of essential oils per gram of seed. These results are encouraging as these essential 
oils present new alternatives to chemical seed treatment. Further research is 
necessary to determine if the level of infection or the soybean variety interact with 
the essential oils and if the concentration applied to the seed was adequate. 
Essential oils residue on the seed has been declared non-hazardous to 
vertebrate animals (Mishra and Dubey, 1994; Isman, 2000) or human consumption 
because they are already approved as food additives. Their natural origin, easy 
biodegradability and null phytotoxicity are important characteristics for the reduction 
of the environmental risk associated with synthetic compounds. Essential oils could 
also compete in price with synthetic compounds, especially if additional benefits for 
organic production are accounted. However, other considerations, such as the 
influence of essential oils over Rhizobium, should be contemplated before using 
essential oils as seed treatment. 
More research is needed to confirm cinnamon, clove, lemongrass, oregano and 
savory capacity to inhibit Pythium, Phomopsis and Pseudomonas growth in soybean 
seeds under field conditions. However, this study presents very promising evidence 
that essential oils are an alternative to chemical seed treatments, both for organic 
and conventional soybean crop protection. 
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